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A FORMULA AND TABLES FOR THE PRESSURE OF 
SATURATED WATER VAPOR IN THE RANGE 
0 TO 374C 


By Nathan S. Osborne and Cyril H. Meyers 


ABSTRACT 


Recent experimental determinations of the vapor pressure of water have 
enriched our knowledge of this property sufficiently to justify revision of the 
accepted values. 

A formulation has been developed which by a single equation represents an 
adjusted composite appraisal of the available data; and defines concisely and 
explicitly the relation of saturation pressure to temperature between the freezing 
point and the critical region. 

Graphical comparisons of the original data with the formula indicate the degree 
of accord, and the confidence which may be given to the adjusted values. 

Comprehensive tables of pressures, derivatives, and boiling points, computed 
by use of the formula are given in several customary units for convenience in 
compiling complete tables of thermal properties of steam. A table of conversion 
factors is given. 


CONTENTS Page 
LS Bt rete hs ei ee ee tinh suiewemdece= 1 
FEE SE SSS EE SE OR CRE Se ee 2 
III. Discussion of the accord of pressure values__.__.......---------- 3 
IV. Discussion of the accord of derivatives_-_-___--- a eee 6 
V. Steam condensation temperatures for thermometric calibration _-___ 8 
VI. Tables of saturation pressures, saturation temperatures, and con- 
version factors 10 


I. INTRODUCTION 


Several determinations of the relation between the temperature and 

pressure of saturated water vapor have recently been made in the 
range between the normal boiling point and the critical region. These 
recent determinations have contributed substantially to the knowl- 
edge of this property of steam, and have prompted a study of the 
available data with the object of deducing a single definitive formula 
that will represent a composite adjusted appraisal and serve for the 
numerical calculation of explicit values. 
_ The advantage of such an interpretation of the vapor pressure data 
is that it provides a simple and complete method of fixing reliable 
definitive values of the pressure and its derivative, and furnishes a basis 
for coordinating other thermodynamic data. 
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The resulting formula here presented makes no claim to rationality 
or apparent simplicity, as these qualities have as yet eluded the insp1- 
ration of the authors and their colleagues. On the other hand, careful 
consideration has been given to the selection of a type of function with 
sufficient adaptability to permit its adjustment to the general trend 
indicated by the data, without conforming too readily to fortuitous 
deviations of the data from the trend characteristic of this property 
of water. It is evident that much depends on the discernment of the 
seeker forsuchaformula. The final choice of the type and the degree 
of adjustment to the experimental points is more a matter of judgment 
than of rigid mathematical deduction. This is especially true in a 
case where groups of data from various experimental sources, and over 
different ranges of value are to be combined in a single correlation. 
Consideration was also given to suitability for numerical calculation 
of the pressure and its derivative. 

The path of approach to this problem has been the modification of 
a simple form of equation, long recognized as an approximation to 
experimental fact, by the addition of successive correction terms, each 
modification permitting closer accord with the data. The numerous 
experimental steps in this process, many of which failed to meet the 
above requirements, are of no further interest, since the ultimate test 
made by comparing observed values with those calculated from these 
tentative formulas left no doubt of their relative fitness to represent 
both the individual values and the trend of the data. 


II. THE FORMULA 
The equation finally selected has the form 


logiP =A+ 7 = (102"*—1)+ E(10"""") 
in which P=saturation pressure in international atmospheres 
i=saturation temperature in degrees of the international 
temperature scale 
T =t+ 273.16 
z=T’°-K 
y=374.11—t (374.11 taken as critical temperature), 
and the parameters have the values 
A= + 5.4266514 
B= -— 2005.1 
C= + 1.3869(10)~* 
D= +1.1965(10)-" 
K= +293,700 
E=— 0.0044 
‘= —0.0057148 


hy 


The derivative dP/dt is given by the equation 


dP B+ Cx(10*— 1) 
dt 


wp} — 
T? 
+2C{102=*(1 + 2Dz? log, 10) —1} 


-; EFy'*10""* log, 10 log, 10 
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A number of values of pressure and of the derivative, computed from 
this formula, are given in table 1. 

As an aid in judging the accord of this expression for P with the 
experimental data and with other proposed formulas, a graph (fig. 1) 
has been prepared. Deviations (Pops.— Pear.) from the values caleu- 
lated by the above formula are plotted as ordinates against tempera- 
ture taken as abscissa. Since a uniform scale of coordinates over the 
entire range would exaggerate the relative importance of some of the 
deviations, the scale has been arbitrarily adjusted so as to facilitate 
their visual appraisal. Below 1 atmosphere the unit of deviation has 
been taken as 0.1 mm Hg. Between 1 and 10 atmospheres the unit 
is 0.001 atmosphere. Above 10 atmospheres the unit is one ten- 
thousandth of the pressure. Use of these units brings the scale of 
deviations to magnitudes comparable with the precision with which 
they can be measured. Appropriate changes of the scale of the ab- 
scissa avoid illusion where deviations in trend occur within a narrow 
range of temperature, as is the case near the critical region. 

The data shown on the chart are taken from four sources, namely, 
the Physikalisch-Technische Reichsanstalt,! Egerton and Callendar,? 
the Bureau of Standards,’ and the Research Laboratory of Physical 
Chemistry of the Massachusetts Institute of Technology.* The classic 
data of the PTR between 0 and 100 C are still the chief experimental 
evidence in this range,’ though published over 20 years ago, and their 
values between 100 C and the critical temperature were not ap- 
proached in precision by other experimenters for nearly two decades. 
Since they were obtained, there have been many advances in experi- 
mental technic, and while the more recent data have in part con- 
firmed the earlier results in the high range, they have also in part 
indicated the need of slight modifications. 


III. DISCUSSION OF THE ACCORD OF PRESSURE VALUES- 


A complete review of the experimental technic will not be under 
taken here, but it may be noted that the methods of the several groups 
differed in many important respects, and therefore the noteworthy 
accord shown in the results of the more recent determinations is 
especially reassuring as to their reliability. The data compared have 
all been reduced to the basis of the present international temperature 
scale. 

In the range of temperature below 100 C, where the determinations 
made by several groups of experimenters of the Reichsanstalt con- 
stitute the chief source of experimental evidence, it appears that the 
spread of the individual results leaves considerable to discretion in 
the interpretation of the most probable trend of the pressure path. 
m . . . mM . 

The present formula gives an interpretation differing somewhat from 
that of the Reichsanstalt Warmetabellen and from those of the MIT 

1 Wirmetabellen, Friedr. Vieweg & Sohn, Braunschweig, 1919. Literature: K. Scheel and W. Heuse, Ann. 
d. Phys., vol. 29, 723, 1909, and vol. 31, 715, 1910 (pressures at less than 50 C); L. Holborn and F. Henning, 
ibid., vol. 26, 833, 1908 (pressures between 50 and 200 C); L. Holborn and A. Baumann, ibid., vol. 31, 945, 1910 
(pressures above 200 C); F. Henning, ibid., vol. 22, 609, 1907 (comparison of older observations of saturation 
pressures). 

2A. Egerton and GQ. S. Callendar, Phil. Trans. Roy. Soc. of London, series A, vol. 231, p. 147, 1932. 

+ B.S.Jour. Research, vol. 10 RP 523, p. 155, 1933. 

4 Leighton B. Smith, Frederick G. Keyes, and Harold T. Gerry, Proceedings American Academy of Arts 
and Sciences, vol. 69, no. 3, January 1934. 


> The vapor pressure at the triple point (+0.01° C) has recently been determined by K. Prytz, Math 
Fys. Meddeleisen Danske Vidensk. Selskab, vol. 11, no. 2, p. 1, 1931. 
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equations. In this range the degree of accord between the several 
interpretations and the experimental values is shown in the graph of 
deviations, figure 2. 

By allowing a liberal tolerance to the experimental data in this 
region of low pressures and permitting the smoothing function to span 
deviations over considerable intervals, it is believed that a fairer 
appraisal of the true trend of the pressure curve has been obtained 
than would have been possible by a more rigorous adjustment. This 

opinion is supported by the result of a test in which experimental 
values of the latent heat of vaporization, the specific volumes, and the 
formulated vapor pressure relation were correlated by use of the 
Clapeyron equation. Without presenting the details of this test, it 
may be said that these thermodynamic data at the saturation limit 
in this region are in better accord with the present formula than with 
earlier appraisals of the pressure data. 

A correlation of thermodynamic data over the entire range of the 
2-phase boundary will be possible when the experimental results of 
the MIT program of specific volume measurements are available. 
The true correlation requires that temperatures be expressed on the 
thermodynamic scale of temperature. Therefore the actual correla- 
tion will involve such small errors as correspond to the deviation of 
the international scale of temperature from the true thermodynamic 
scale. 

The Egerton and Callendar data used in the graph are their 
smoothed values at even temperatures except at 170, 180, and 200 C. 
In that range the values given by the series of measurements made 
in July and August 1932 have been used after a preliminary smooth- 
ing and reduction to even temperatures, since those experimenters 
have regarded these later measurements as more trustworthy than 
their earlier ones. They note that this group of their data shows a 
systematic deviation from the results of other observers, and they 
recognize the greater limitation on the accuracy of their ‘method at 
the lower pressures. This deviation, although amounting to about 
0.006 atmosphere from the general trend of the mean, is not serious. 
The effect of this departure is partly offset by the opposite though 
lesser deviation of the PTR values at 190 and 200 C. 

The differences in trend in the extreme upper range among the 
Egerton and Callendar, the MIT, and the BS data are noteworthy, 
but perhaps not surprising when it is recalled that the properties of 
fluids tend to become more indeterminate as the critical region is 
approached. 

Where there are, at the same point, values from three or more 
laboratories, mean values have been plotted in figure 1 in order to con- 
sider the formula with reference to the entire mass of experimental 
data, and thus appraise its fitness. In computing these mean values, 
less weight has been given to a determination consisting of but a 
single observation than to others, but otherwise all independent values 
have been regarded as of equal importance. The task of assigning to 
each determination a more precise estimate of relative accuracy is too 
difficult and delicate, and moreover proves unnecessary for the present 
purpose. It may be seen by inspection that the accord of these mean 
values with the formula, taken as a reference datum, is well within a 
reasonable tolerance, giving consideration to the magnitude of the 
deviations. No significant anomalies are indicated, there being no 
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important systematic deviations of the mean values. The accord of 
the separate determinations is naturally less perfect, but not in so 
much as to leave serious doubt of the suitability of the formula as a 
tool for the adjustment and interpolation of the pressures, and for 
obtaining derivatives. 


IV. DISCUSSION OF THE ACCORD OF DERIVATIVES 


The derivatives, being removed one step further from the original 
data, are proportionately more susceptible to the influence of the 
appraisal of the data than are the pressures. It is obvious that too 
rigorous an adjustment of the smoothing function to the observed 
points may result in a false trend and exaggerated errors in the deriva- 
tive. This may be appreciated by inspection of the graph, figure 3, 
which shows percentage deviations of the derivative, dP/dt, calculated 
from different interpretations of data. 

While the deviations thus shown, particularly at the extremes of 
pressure, correspond to minor differences in actual pressure, they are 
of some consequence when the derivative is used as a factor for corre- 
lating thermodynamic data. It is also possible that the actual location 
of the saturation limit may have an appreciable effect on the extrapo- 
lation of superheat data to the saturation limit. It should be noted 
that the apparent discord shown in this graphical comparison is 
largely artificial, due to the wide latitude possible in the individual 
interpretations of the data. 

For example, of several formulas tested in the present study, one 
which was adjusted to the same mean data, using a least square 
method of evaluating the constants, and giving careful consideration 
to relative weighting of the data, showed only moderate deviations 
from the pressure data but gave even greater discrepancies in the 
derivatives than any shown in figure 3. This equation was evidently 
of an unsuitable type, and like several others was discarded in favor 
of the one finally chosen. 

As a further test of the actual accord of the data as distinguished 
from accord in their interpretation, it was found possible to adjust the 
constants in the formula so that with a change of only 1 in 4,000 of 
the derivative the values of pressure agreed with the MIT data to 
within 1 in 5,000 even in the extreme upper range. This adjustment 
is indicated by the fine dotted line on the pressure deviation graph, 
figure 1. A similar adjusted interpretation could be made for the 
Egerton and Callendar data. This confirms the conclusion that no 
serious discord actually exists among the data. 

In the immediate vicinity of the critical point the experimental 
values are not as free from doubt as could be desired to establish the 
true course of the pressure curve. Greater refinements in the measure- 
ments may be necessary to decide this and permit a more reliable 
estimate of the limiting value of the derivative at the critical state. 
It may be pointed out that in the MIT formulation, the formula was 
fitted exactly to the experimental value at 374.11 C. The authors of 
that formulation express the opinion that this has not led to any dis- 
tortion of the trend below 374.11 C. This conclusion seems open to 
question. It seems not improbable that this procedure which in 
effect assigns to this experimental point an infinite weight is partly 
responsible for the discordance between the derivatives of the two 
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formulations. It appears that the present formula represents a fair 
appraisal of the existing data though it may require modification when 
more precise experimental evidence is available, establishing more 
definitely the true course of the pressure curve on approach to the 
critical region. 

The formula is evidently unsuited for routine use such as engineering 
calculations. Nosuch formula is needed in conjunction with adequate 
steam tables. The primary purpose is to furnish a suitable medium 
for formulating this property of steam in compiling steam tables. 
When once the formula has been used to compute tables of pressures 
and derivatives, at intervals of temperature small enough to permit 
accurate interpolation, these tables may be converted to other systems 
of units, and amplified to any desired extent without further reference 
to the formula. All such tables will be mutually consistent. They 
are suitable for use as actual working tables, and in addition provide 
a convenient reference medium for intercomparison of numerical 
values expressed in different systems of units. Comprehensive base 
tables of pressures and derivatives have been prepared in the systems 
of units commonly used in steam tables and are given in tables 2 to 6, 
inclusive. The formula is an independent but ‘consistent means for 
expressing concisely the relation of saturation pressure to temperature. 
Definitive values of units and factors for converting pressures and 
energy quantities into different systems of units are given in table 7. 


V. STEAM CONDENSATION TEMPERATURES FOR THER- 
MOMETRIC CALIBRATION 


The 100-degree fixed point of the international temperature scale is 
defined as the temperature of condensing water vapor under the pres- 
sure of one standard atmosphere. In actual practice, the usual pro- 
cedure in thermometer calibration is to observe the thermometer 
reading in condensing water vapor at the prevailing atmospheric 
pressure, and to determine the actual temperature by observation of 
the pressure and use of the relation of vapor pressure to temperature. 
Even at sea level the temperature thus realized seldom equals the 

value of 100 degrees. At higher altitudes the temperature is often 
several degrees lower. Table 8 has been prepared to furnish a con- 
venient means of determining by direct interpolation the temperature 
corresponding to an observed barometric pressure. The pressures must 
first be reduced to millimeters of mercury at 0 C and standard grav- 
ity (980.665 cm/sec”). A comparison of the values given by this table 
with those given by other similar tables and by other special formulas 
is shown on the graph, figure 4. The differences shown indicate the 
range of interpretations of the vapor pressure data as affecting the 
practical calibration of thermometers. 


Note.—In tables 1 to 6, inclusive, all values of pressure below 0.01 C (32.018 F) are for vapor over 
subcooled liquid. 
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Comparison of various special equations and tables with B.S. 1934 formula as base line. 


1. Guillaume (Broch-Reguault) Traite Pratique de Thermometrie de Precision, 1889. 
2. Volet (Chappuis), Trav. Mem. Bur. Int. vol. 18, no. 4, 1930. 

3. Warmetabellen, 1919. 

4. International Temperature Scale, Seventh General Conference of Weights and Measures, 1927. 
5. Zmaczynski and Bonhoure, J. de Physique (ser. 7), vol. 1, p. 285, 1930. 

6. Moser, Ann. d. Phys., vol. 14, p. 790, 1932. 


7. Smith 


, Keyes and Gerry, Proc. Amer. Acad. Arts Sce., vol. 69, p. 137, 1934. 


9 


8. Holborn and Henning, Ann. d. Phys., vol. 26, p. 833, 1908 (same as base line within tolerance of rounded 
values given). 
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VI. TABLES OF SATURATION PRESSURES, SATURATION 
TEMPERATURES, AND CONVERSION FACTORS 


TABLE 1.—Saturation pressure of steam calculated from formula 

















| ,] | 
| t P dP/dt t P dPidt | 
-— — | 
| | | 
* atm atm/°C a atm atm/°C | 
0 0. 0060273 0. 00043729 230 | 27. 6130 0. 50609 | 
10 . 012102 | . 00081027 240 | . 58095 | 
20 . 023042 j . 00142704 250 . 66294 
30 . 041831 . 0024015 260 . 75246 
40) .072748 | .0038796 270 . 84989 
50 . 121698 . 0060412 280 63. 35: . 95570 
i 60 . 196560 . 0091004 290 | 73. 4752 1. 07045 
70 | . 307520 | . 0133048 300 84. 7931 1. 19479 
80 | . 467396 . 0189322 | 310 97. 4057 1.32954 | 
90 | .691923 | .0262878 320 | 111.422 1.47572 | 
100 1. 00000 | . 035699 330 126. 963 1. 63483 
110 1, 41389 . 047509 340 144. 168 1. 80896 
120 1, 95938 . 062076 350 163.205 | 2.00197 
130 2. 66583 . 079765 | 360 184.294 | 2.22115 
140 3. 56630 . 100939 362 188. 784 2. 26932 
150 4. 69746 364 193. 372 2. 31938 
160 6. 09964 366 198. 064 2.37165 | 
170 7. 81669 . 188998 368 202. 861 2. 42656 
180 . 227701 | 370 | 207.772 2. 48495 
190 . 271637 | 371 210. 272 2. 51588 
| | 
200 15. 3472 . 321129 | 372 212. 804 2. 54858 
210 18. 8304 . 376500 373 215.370 | 2.58412 
220 22. 8978 . 438049 374 217. 976 2. 63069 
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TABLE 2.—Pressure of saturated water vapor 


{1 standard atmosphere= 1.033228 kg per sq cm—standard gravity =980.665 cm per sec per sec] 











| 
Temp Pressure Derivative | Temp 
t D dp/dt Dp dp/dt | t Pp dp/dt p dp/dt 
1 
= ; a 
°¢ std atm atm/°C kg/cm? kg/cm? °C || °C std atm atm/°C kg/em?°C kg/em2 °C 


—5 0. 004162 0. 0003146 0.004300 0.0003251 |} 55 0. 15531 0. 007444 0. 16047 0. 007691 

—4 . 004487 . 0003364 . 004637 . 0003476 || 56 . 16291 . 007754 . 16832 - 008012 

—3 . 004835 . 0003595 . 004996 . 0003715 || 57 . 17082 . 008074 . 17650 . 008343 

—2 . 005207 . 0003840 . 005380 . 0003968 i 58 - 17906 . 008405 . 18501 . 008685 
| 














—] . 005604 . 0004099 . 005790 . 0004235 59 . 18764 . 008747 . 19387 . 009038 
0 . 006027 . 0004373 . 006228 . 0004518 | 60 . 19656 . 009100 . 20309 . 009403 
+1 . 006479 . 0004662 . 006694 . 0004817 || 61 . 20584 . 009465 . 21268 . 009780 
2 . 006960 . 0004968 . 007192 . 0005134 || 62 . 21549 . 009841 . 22265 . 010168 
3 . 007473 0005292 .007722 =. 0005467 | 63 . 22553 . 010229 . 23302 . 010569 
4 . 008019 . 0005633 . 008286 . 0005820 I 64 . 23596 . 010630 . 24380 . 010983 
5 . 008600 . 0005993 . 008886 . 0006192 ! 65 . 24679 . 011043 . 25499 . 011410 
6 . 009218 . 0006372 . 009525 . 0006584 i} 66 . 25805 . 011468 . 26662 . 011850 
7 . 009875 . 0006772 . 010204 . 0006997 || 67 . 26973 . 011907 . 27870 . 012303 
8 . 010574 . 0007193 . 010925 . 0007432 | 68 . 28186 . 012359 . 29123 . 012770 
9 . 011315 . 0007636 . 011691 . 0007890 } 69 . 29446 . 012825 . 30424 . 013251 
10 . 012102 . 0008103 . 012504 . 0008372 70 . 30752 . 013305 . 31774 . 013747 
11 012936 . 0008593 . 013366 - 0008879 |} 71 . 32107 . 013799 . 33174 . 014257 
12 . 013821 . 0009109 . 014280 . 0009412 | 72 . 33512 . 014307 . 34626 . 014782 
13 . 014759 . 0009651 . 015249 . 0009972 | 73 . 34969 . 014830 . 36131 . 015323 
14 . 015752 .0010220 .016276 .0010560 |; 74 . 36479 . 015368 . 37691 . 015879 
15 . 016804 . 0010818 . 017362 . 0011177 | 75 . 38043 . 015922 . 39307 . 016451 
16 . 017917 . 0011445 . 018512 . 0011825 | 76 . 39664 . 016492 . 40982 . 017039 
17 . 019094 . 0012102 . 019728 . 0012504 | 77 . 41342 . 017077 . 42716 . 017644 
18 . 020338 . 0012792 . 021014 . 0013217 || 78 . 43080 . 017679 . 44511 . 018266 
19 . 021653 . 0013514 . 022373 . 0013963 | 79 . 44878 . 018297 . 46370 . 018905 
20 . 023042 . 0014270 . 023808 . 0014745 | 80 . 46740 . 018932 . 48293 . 019561 
21 . 024508 . 0015063 . 025323 . 0015563 81 . 48665 . 019585 . 50282 . 020236 
22 . 026055 . 0015891 . 026922 . 0016419 || 82 . 50657 . 020255 . 52340 . 020928 
23 . 027688 . 0016758 . 028608 . 0017315 83 . §2717 . 020943 . 54469 . 021639 
24 . 029409 . 0017665 . 030386 . 0018252 84 . 54846 . 021649 . 56668 . 022368 
25 . 031222 . 0018612 . 032260 . 0019231 |} 85 . 57047 . 022374 . 58943 . 023117 
26 . 033133 . 0019602 . 034234 . 0020253 || 86 . 59322 . 023118 . 61293 . 023886 
27 . 035144 . 0020636 . 036312 . 0021322 87 . 61672 . 023881 . 63721 . 024674 
28 . 037261 . 0021715 . 038500 . 0022436 || 88 . 64099 . 024663 . 66229 . 025483 
29 . 039489 . 0022841 . 040801 . 0023600 89 . 66605 . 025465 . 68818 . 026312 
30 . 041831 . 0024015 . 043221 . 0024813 || 90 - 69192 . 026288 . 71491 . 027161 
31 . 044293 . 0025240 . 045765 . 0026079 || 91 . 71863 . 027131 . 74251 . 028032 
32 . 046881 . 0026516 . 048439 . 0027397 | 92 . 74619 . 027995 . 77098 . 028925 
33 . 049599 . 0027846 . 051247 . 0028771 || 93 . 77463 . 028880 . 80037 . 029840 
34 052452 . 0029230 . 054195 . 0030201 | 94 . 80395 . 029786 . 83067 . 030776 
35 . 055446 . 0030672 . 057288 . 0031691 || 95 . 83421 . 030715 . 86192 . 031736 
36 . 058588 . 0032172 . 060535 . 0033241 96 . 86540 . 031666 . 89416 . 032718 
37 . 061883 . 0033733 . 063939 . 0034854 97 . 89755 . 032639 . 92737 . 033724 
38 . 065337 . 0035356 . 067508 . 0036531 98 . 93068 . 033636 . 96161 . 034753 
39 . 068955 . 0037043 . 071247 . 0038274 99 . 96482 . 034655 . 99688 . 035807 
40 . 072748 . 0038796 . 075165 . 0040085 | 100 1, 00000 . 035699 1. 03323 . 036885 
41 . 076718 . 0040618 . 079267 . 0041967 || 101 1. 0362 . 036766 1. 0707 . 037988 
42 . 080873 . 0042509 . 083560 . 0043921 |} 102 1. 0735 . 037858 1. 1092 . 039115 
43 . 085222 . 0044472 . 088054 . 0045950 |} 103 1, 1120 . 038974 1. 1489 . 040269 
44 . 089770 . 0046510 . 092753 . 0048055 || 104 1, 1515 . 040115 1. 1898 . 041448 
|| 
45 . 094526 . 0048624 . 097667 . 005024 || 105 1, 1922 . 041282 1, 2318 . 042654 
46 . 099497 . 005082 . 10280 . 005250 || 106 1. 2341 . 042474 1. 2751 . 043886 
47 . 10469 . 005309 . 10817 . 005485 | 107 1, 2772 . 043693 1. 3196 . 045145 
48 . 11012 . 005544 . 11378 . 005729 || 108 1, 3215 . 044938 1. 3654 . 046431 
49 . 11578 . 005788 . 11963 . 005981 | 109 1, 3670 . 046210 1, 4125 . 047746 
| 
50 . 12170 . 006041 . 1257 . 006242 || 110 1. 4139 . 047509 1. 4609 . 049088 
51 . 12787 . 006303 . 13212 . 006513 I 111 1. 4621 . 048836 1. 5106 . 05046 
52 . 13431 . 006574 . 13877 . 006792 112 1. 5116 . 05019 1. 5618 . 05186 
53 . 14102 . 006854 . 14571 .007082 || 113 1, 5624 . 05157 1.6144 . 05329 
. 14802 . 007144 . 15294 .007381 || 114 1. 6147 . 05299 1, 6684 . 05475 
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TABLE 2.—Pressure of saturated water vapor—Continued 


Derivative 
dp/dt 


atm/°C 
0. 05443 
. 05590 
. 05740 
. 05893 
. 06049 


. 06208 
. 06370 
. 06535 
. 06704 
. 06876 


. 07051 
. 07229 
. 07411 
. 07596 

7784 


. 07976 
. 08172 
. 08371 
. 08574 
. 08780 


. 08989 
. 09203 
. 09420 
. 09641 
. 09866 


. 10094 
. 10326 
. 10562 
. 10803 
. 11047 


. 11295 
. 11547 
- 11803 
. 12064 
. 12328 


. 12596 
. 12869 
. 13146 
. 13428 
. 13713 


. 14004 
- 14298 
. 14597 
. 14900 
. 15208 


. 15520 
. 15837 
. 16158 
. 16485 
. 16815 


. 17151 
. 17491 
. 17836 
. 18186 
. 18540 


. 18900 
. 19264 
- 19634 
- 20008 
. 20387 


. 2077 

. 21161 
- 21556 
- 21955 
. 22360 


i} 
i] mp 
|| Temp 
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{1 standard atmosphere= 1.033228 kg per sq cm—standard gravity =980.665 cm per sec per sec] 














p dp/dt t Pp dp/dt Pp dp/dt 

kg/cm? —s kg/em? °C'|| °C std atm atm/°C kg/em?°C_ kg/cm? °C’ 
1. 7239 0.05623 || 180 9. 8960 0. 22770 10. 225 0. 23527 
1. 7809 . 05775 \ 181 10. 126 . 23185 10. 462 . 23956 
1. 8394 .05930 || 182 10. 360 . 23606 10. 703 . 24390 
1. 8995 . 06088 || 183 10. 598 . 24032 10. 950 . 24830 
1. 9612 . 06250 | 184 10. 840 . 24463 11. 201 . 25276 
2. 0245 .06414 || 185 11. 087 . 24899 11. 456 - 25727 
2. 0895 . 06582 186 11. 338 . 25341 11.715 . 26183 
2. 1561 . 06752 187 11. 594 . 25789 11.979 . 26646 
2. 2245 . 06927 188 11. 854 . 26242 12. 248 27113 
2. 2947 . 07104 189 12.119 . 26700 12, 522 27587 
2. 3666 . 07285 190 12. 388 . 27164 12. 800 . 28066 
2. 4404 . 07469 191 12. 662 . 27633 13. 083 . 28551 
2. 5160 . 07657 192 12. 941 . 28108 13. 371 . 29042 
2. 5935 . 07848 193 13. 224 . 28589 13. 664 . 29539 
2. 6730 . 08043 194 13. 513 . 29075 13. 962 . 30041 
2. 7544 . 08242 195 13. 806 . 29567 14. 265 . 30549 
2. 8378 . 08443 196 14. 104 . 30065 14. 573 . 31064 
2. 9233 . 08649 197 14. 407 . 30568 14, 886 . 31584 
3. 0108 . 08858 198 14. 715 . 31077 15. 204 . 32110 
3. 1005 . 09071 199 15. 029 . 31592 15, 528 . 32642 
3. 1923 . 09288 200 15. 347 . 32113 15. 857 . 33180 
3. 2863 .09509 || 201 15. 671 . 32640 16, 192 . 33724 
3. 3824 .09733 || 202 16. 000 . 33173 16. 532 - 34275 
3. 4809 .09961 || 203 16. 334 . 33711 16. 877 . 34831 
3. 5817 .10193 || 204 16. 674 . 34256 7. 22 . 35394 
3. 6848 . 10429 205 17. 020 . 34806 17. 585 - 35963 
3. 7903 . 10669 206 17. 370 . 35363 17. 948 . 86538 
3. 8982 .10913 || 207 17.727 . 35925 18. 316 . 37119 
4. 0086 .11162 |} 208 18. 089 . 36494 18. 690 . 37707 
4.1214 .11414 |} 209 18, 457 . 37069 19, 070 - 38301 
4. 2369 .11670 || 210 18. 830 . 37650 19. 456 . 38901 
4. 3549 .11930 |} 211 19. 210 . 38237 19, 848 - 39508 
4. 4755 :12195 || 212 — 19. 595 [38830 «20. 246 40121 
4. 5988 . 12464 | 213 19. 986 . 39430 20. 651 . 40740 
4. 7248 . 12738 || 214 20. 384 - 40036 21. 061 - 41366 
4. 8535 . 13015 215 20. 787 . 40648 21. 477 . 41999 
4. 9851 . 13297 216 21. 197 . 41267 21. 901 - 42638 
5. 1195 . 13583 217 21. 613 . 41892 22, 331 - 43284 
5. 2568 . 13874 218 22. 035 . 42523 22. 767 . 43936 
5. 3970 - 14169 || 219 22. 463 . 43161 23. 209 - 44595 
5. 5402 . 14469 || 220 22. 898 . 43805 23. 659 - 45260 
5. 6864 . 14773 || 221 23. 339 . 44456 24. 115 . 45933 
5. 8357 . 15082 222 23. 787 . 46113 24. 577 . 46612 
5. 9880 - 15395 223 24, 241 . 45777 25. 047 - 47298 
6. 1436 - 15713 224 24. 702 . 46447 25. 523 . 47990 
6. 302% . 16036 || 225 25. 170 . 47124 26. 007 - 48690 
6. 4643 . 16363 || 226 25. 645 . 47807 26. 497 . 49396 
6. 6296 . 16695 || 227 26. 126 . 48498 26. 995 . 5011 

6. 7982 . 17032 || 228 26. 615 . 49195 27. 499 . 5083 

6. 9703 - 17374 || 229 27. 110 . 49898 28. 011 . 5156 

| 

7. 1457 . 17721 230 27. 613 . 5061 28. 531 . 5229 

7. 3247 . 18072 231 28. 123 . 5133 29. 057 . 5303 

7. 5072 . 18429 232 28. 640 - 5205 29. 591 . 5378 

7. 6933 . 18790 233 29. 164 . 5278 30. 133 . 5454 

7. 8830 . 19156 234 29. 695 . 5352 30. 682 . 530 

8. 0764 - 19528 235 30. 234 . 5426 31. 239 . 5607 

8. 2736 . 19904 236 30. 78 . 5502 31. 803 . 5685 

8. 4745 . 20286 || 237 31. 334 . 5578 32. 376 . 5763 

8. 6793 . 20673 || 238 31. 895 . 5654 2. 955 . 5842 

8. 8880 . 21065 239 32. 465 . 5732 33. 544 . 5922 

9. 1006 . 21462 240 33. 042 . 5810 34. 140 . 6003 

9. 3172 . 21864 241 33. 627 . 5888 34. 745 . 6084 

9. 5379 . 22272 242 34. 220 . 5968 35. 357 . 6166 

9. 7627 . 22685 243 34. 821 . 6048 35. 978 . 6249 

9. 9916 . 23103 244 35. 430 . 6129 36. 607 . 6332 


























ane Saturation Pressure of Steam 


TaBLE 2.—Pressure of saturated water vapor—Continued 


{1 standard atmosphere= 1.033228 kg per sq cm—standard gravity =°80 665 cm per sec per sec] 














Temp Pressure Derivative |’ 
t p 


Temp 
dp/dt Pp dp/dt t 


Pp dp/dt Pp 


| 
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dp/dt 





va std atm atm/°C kg/em? kg/em2 °C || °C aid atm atm/°C — kg/em? °C kg/em? °C 
245 36. 047 0. 6210 37, 244 0.6417 || 310 97. 406 1, 3295 100. 64 1, 3737 
246 36. 672 . 6293 37. 890 .6502 || 311 98. 742 1. 3436 102. 02 1, 3883 
247 37. 305 . 6376 38. 545 .6588 || 312 100. 09 1. 3578 103. 42 1. 4029 
248 37. 947 . 6460 39. 208 . 6674 |] 313 101. 46 1, 3721 104, 83 1.4177 
249 38. 597 . 6544 39. 880 . 6762 | 314 102. 84 1. 3866 106. 25 1. 4326 
250 39. 256 . 6629 40. 560 . 6850 | 315 104, 23 1. 4011 107. 69 1. 4477 
251 39. 923 . 6716 41, 250 .6939 || 316 105. 64 1, 4158 109. 15 1. 4628 
252 40. 599 . 6802 41. 948 . 7028 | 317 107. 06 1. 4306 110. 62 1. 4781 
253 41, 284 . 6890 42. 655 . 7119 | 318 108. 50 1, 4455 112. 11 1. 4935 
254 41.977 . 6978 43, 372 .7210 || 319 109. 95 1. 4606 113. 61 1. 5091 
Hy 

255 42. 679 . 7067 44, 097 .7302 || 320 111. 42 1, 4757 115, 12 1, 5248 
256 43. 390 . 7157 44, 832 .7395 =|} 321 112. 91 1. 4910 116. 66 1. 

257 44. 111 . 7248 45, 576 .7489 || 322 114, 40 1, 5064 118, 21 = 

258 44. 840 . 7339 46, 330 . 7583 | 323 115. 92 1, 5220 119. 77 ee 

259 45. 579 . 7432 47, 093 .7679 324 117. 45 1. 5377 121. 35 1. 5 
260 46. 326 . 7525 47, 866 .7775 = || 325 118. 99 1, 5535 122. 95 1, 6052 
261 47, 083 . 7618 48. 648 .7872 || 326 120. 56 1, 5695 124. 56 1. 6217 
262 47. 850 . 77313 49. 440 .7969 || 327 122, 13 1. 5856 126. 19 1. 6383 
263 48. 626 . 7808 50, 242 .8068 || 328 123. 73 1, 6019 127. 84 1. 6551 
264 49. 412 . 7905 51, 054 .8167 || «329 125. 34 1, 6183 129. 50 1. 6720 
265 50. 207 . 8002 51. 875 .8267 || 330 126. 96 1, 6348 131. 18 1, 6891 
266 51.012 . 8099 7 . 8369 || 331 128. 61 1, 6515 132. 88 1. 7064 
267 51, 827 . 8198 .8470 || 332 130. 27 1. 6683 134. 59 1, 7238 
268 2. 652 . 8298 .8573 || 333 131. 94 1. 6853 136. 33 1.7413 
269 53. 486 . 8398 . 8677 334 133. 64 1. 7025 138. 08 1, 7591 
270 54. 331 . 8499 56. 137 .8781 || 335 135. 35 1, 7198 139. 85 1.7770 
271 55. 187 . 8601 57. 020 . 8887 | 336 137. 08 1. 7373 141. 63 1. 7950 
272 56. 052 . 8704 57.914 . 8993 i} 337 138. 82 1. 7550 143. 44 1, 8133 
a7: 56. 927 . 8807 58. 819 .9100 || 338 140. 59 1. 7728 145. 26 1, 8317 
274 57. 813 . 8912 59. 734 . 9208 | 339 142. 37 1. 7908 147. 10 1. 8503 
275 58. 710 . 9017 60. 660 .9317 || 340 144. 17 1. 8090 148. 96 1. 8691 
276 59. 616 . 9123 61. 597 . 9427 } 341 145, 99 1. 8273 150. 84 1. 8880 
277 60. 534 . 9230 62. 546 . 9537 | 342 147. 82 1. 8459 152. 73 1. 9072 
278 61. 463 . 9338 63. 505 .9649 || 343 149. 68 1. 8646 154. 65 1, 9266 
279 62. 402 . 9447 64. 475 .9761 || 344 151. 55 1, 8836 156. 59 1. 9462 
280 63. 352 . 9557 65. 457 . 9875 \ 345 153. 45 1. 9028 1, 9660 
281 64. 313 . 9668 66. 450 . 9989 346 155. 36 1. 9222 1. 9860 
282 65. 286 . 9779 67. 455 1. 0104 347 157. 29 1.9418 2. 0063 
283 66. 269 . 9892 68. 471 1. 0220 348 159. 24 1. 9616 164. 5% 2. 0268 
284 67. 264 1. 0005 69. 499 1. 0337 349 161. 21 1, 9817 166. 57 2. 0475 
285 68. 270 1.0119 70. 539 1. 0455 i 350 163. 20 2. 0020 168. 63 2. 0685 
286 69. 288 1. 0234 71. 590 1.0574 || 3651 165. 2: 2. 0225 170. 71 2. 0897 
287 70. 317 1. 0350 72. 654 1.0694 || 352 167. 25 2. 0434 172. 81 2. 1113 
238 71. 358 1. 0468 73. 729 1. 0815 | 353 169. 30 2. 0645 174. 93 2. 1331 
289 72. 411 1. 0586 74. 817 1.0937 || 354 171. 38 2. 0859 177. 07 2. 1552 
290 73. 475 1. 0704 75. 917 1.1060 || 355 173. 48 2. 1076 179. 24 2. 1776 
291 74. 552 1. 0824 77. 029 1. 1184 || 356 175, 59 2. 1296 181. 43 2. 2004 
292 75. 640 1, 0945 78. 153 1.1309 || 357 177. 74 2. 1519 183. 64 2. 2234 
293 76. 741 1. 1067 79. 291 1.1435 || 358 179. 90 2. 1746 185. 88 2. 2469 
294 77. 854 1. 1190 80. 441 1.1562 || 359 182. 08 2. 1977 188. 13 2. 2707 
295 78. 979 1, 1314 81. 603 1.1690 || 360 184. 29 2. 2212 190. 42 2. 2950 
296 80. 116 1, 1439 82. 779 1.1819 || 361 186. 53 2. 2450 192. 72 2. 3196 
297 81. 266 1, 1564 83. 967 1. 1949 || 362 188. 78 2. 2693 195. 06 2. 3447 
298 $2. 429 1. 1691 85. 168 1.2080 || 363 191. 07 2. 2941 197.4 2. 3703 
299 83. 605 1, 1819 86. 383 1.2212 || 364 193. 37 2. 3194 199. 80 2. 3964 

i} 

300 84. 793 1, 1948 87. 611 1.2345 || 365 195, 70 2. 3452 202. 21 2. 4232 
301 85. 994 1, 2078 88. 852 1.2479 || 366 198. 06 2. 3716 204. 64 2. 4505 
302 87, 209 1, 2209 90. 106 1.2614 || 367 200. 45 2. 3987 207. 11 2. 4784 
303 88. 436 1, 2341 91. 375 1. 2751 368 202. 86 2. 4266 209. 60 2. 5072 
304 89. 677 1, 2474 92. 657 1.2888 || 369 205. 30 2. 4553 212. 12 2. 5368 
305 90. 931 1, 2608 93. 952 1.3027 || 370 207.77 2. 4850 214. 68 2. 5675 
306 92. 198 1. 2743 95. 262 1. 3167 1 371 210. 27 2. 5159 217. 26 2. 5995 
307 93. 480 1, 2880 96. 586 1. 3308 372 212. 80 2. 5486 219. 88 2. 6333 
308 94. 774 1.3017 97. 924 1, 3450 373 215. 37 2. 5841 222. 53 2. 6700 
309 96. 083 1. 3156 99. 276 1.3593 || 374 217. 98 2. 6307 225. 22 2. 7181 
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TABLE 3.—Pressure of saturated water vapor in pounds per square inch 


Fahrenheit temperature—Standard Gravity =32.174 ft/sec? 


— 0 1 2 3 4 5 6 7 8 @ op 


. 05865 . 06117 . 06378 . 06650 . 06932 . 07224 
. 08858 . 09221 . 08598 . 09988 . 10392 . 10811 
. 13137 . 13652 . 14184 . 14735 . 15305 . 15895 
. 19152 . 19869 . 20611 . 21376 . 22167 . 22983 





. 07842 20 

11693 30 
.17134 40 
. 24695 50 


20 . 05388 
30 . 08169 
40 .12158 
50 .17784 


. 35046 60 
.49013 7 

. 67608 80 
.92050 90 


27473 . 28458 . 29474 . 30521 . 31601 . 32715 
. 38814 . 40146 . 41518 . 42931 . 44386 . 45884 
. 54054 . 55832 . 57661 . 59541 . 61475 . 63463 





90 ° . 74265 . 76607 . 79013 . 81484 . 84022 . 86628 

100 .94870 * 97765 1. 0073 1, 0378 1, 0691 1. 1012 1, 1341 1. 1679 1.2380 100 
110 1.2744 1.3117 1, 3499 1, 3892 1, 4294 1, 4705 1, 5127 1. 5560 1. 6003 1.6456 110 
120 1.6921 1, 7397 1. 7885 1. 8384 1, 8895 1, 9418 1, 9953 2. 0501 2. 1062 2.1636 120 
130 2.2224 2, 2825 2. 3439 2. 4068 2. 4711 2. 5369 2. 6042 2. 6729 2. 7433 2.8152 130 
140 2, 8886 2. 9638 3. 0405 3. 1190 3. 1992 3. 2811 3. 3648 3. 4503 3. 5377 3.6269 140 
150 3.7180 3, 8110 3. 9060 4. 0030 4.1021 4. 2032 4. 3064 4.4118 4. 5193 4.6290 150 
160 4.7410 4, 8553 4.9719 5. 0908 5, 2121 5, 3359 5. 4621 5. 5908 5. 7221 5.8559 160 
170 5.9925 6. 1316 6. 2735 6. 4181 6, 5654 6. 7156 6. 8688 7. 0249 7. 1839 7.3459 170 
180 7.5110 7. 6791 7. 8504 8. 028 8. 2027 8. 3837 8. 5680 8. 7558 8. 9469 9.1415 180 
190 9.3397 9, 5414 9. 7467 9. 9558 10. 168 10. 385 10. 605 10. 830 11. 058 11.290 190 
200 11. 526 11. 766 12. O11 12. 260 12. 512 12. 770 13. 031 13. 297 13. 568 13.843 200 


16, 214 16. 533 16.857 210 


210 14.123 14. 407 14. 696 14. 990 15. 289 15. 592 
1 19. 641 20. 015 20.394 220 


220 17.186 17. 520 17. 860 18. 205 18. 556 
230 20.779 21.170 21. 566 21. 969 22. 378 22. 794 23. 644 24. 078 24.519 230 
240 24. 957 25. 421 25. 882 26. 350 26. 825 27. 307 ; 28. 292 28. 795 29.305 240 
250 29. 823 30. 349 30. 881 31. 422 31. 970 32. 526 33. 090 33. 661 34. 241 34.829 250 





260 35. 425 36. 029 36. 642 37. 262 37. 892 38. 530 39. 177 39. 833 40. 497 41.171 260 
270 41.853 42. 545 43. 246 43. 956 44. 676 45. 405 46. 144 46. 892 7. 650 48.418 270 
280 49. 196 49. 954 50. 783 51. 591 52. 410 53. 240 54. 080 54. 930 55. 791 56. 664 280 
290 57. 547 58. 441 59. 346 60. 262 61. 190 62, 130 63. 081 64. 043 65. 017 66.003 290 
300 67. 002 68. 012 69. 034 70. 068 71, 115 72.175 73. 247 74. 332 75. 429 76.540 300 


81. 113 2. 290 83. 481 84. 685 85. 903 87. 134 88.380 310 
93. 506 94. 824 96. 157 97. 504 98. 866 100. 24 101.64 320 
107. 36 108. 53 110, 32 111. 82 113, 34 114, 87 116.42 330 
122. 80 124, 43 126. 08 127.75 129. 44 131,15 132.87 340 
139. 94 141. 75 143. 58 145, 43 147. 30 149. 19 151.09 350 


310 77. 664 78. 800 





153. 02 154. 96 156. 93 158. 91 160. 91 162. 94 164. 98 167. 04 169. 13 171.23 360 
370 173.35 175. 50 177. 66 179. 85 182. 06 184, 28 186. 53 188. 80 191. 10 193.41 370 
195. 75 198. 11 200. 49 202. 89 205, 32 207. 76 210, 23 212. 73 215, 24 217.78 380 
390 220. 3° 22: 5 2% 230. 83 233. 52 236. 22 238. 95 241,71 244.49 390 
400 247.29 250. 12 252. 97 258. 76 261. 69 264. 65 267. 63 270, 64 273.67 400 





410 276.73 279. 82 282. 93 286. 07 289. 24 292. 44 295. 66 298. 91 302. 18 305.49 410 
420 308. 82 312. 18 315. 57 318. 99 322. 4: 325. 91 329. 41 332. 94 336. 51 340.10 420 
430 343.72 347. 37 351. 05 354. 76 58. 362. 27 366. 07 369. 90 373. 77 377.66 430 
440 381.59 385. 54 389. 53 393. 55 397. 60 401. 68 405. 80 409. 95 414.13 418.34 440 
450 422. 59 426. 87 431.18 435. 53 439. 91 444, 32 448,77 453. 25 457.77 462.32 450 





5 499. 98 504. 85 609.75 460 
2 550. 32 555. 56 560.84 470 
7 604. 46 610. 08 615.75 480 
8 662. 57 668. 61 674.69 490 
4 724. 87 731. 33 737.84 500 


460 466.90 471. 52 476. 18 480. 86 485. 59 490. 35 495, 1 
470 514.70 519. 67 524. 69 529. 74 534. 83 539. 96 645. 1 
480 566. 16 571. 51 576. 90 582. 33 587. 81 593. 32 598, 8 
490 621. 46 627. 21 633. 00 638. 84 644.7 650. 62 656, 5: 
500 680.81 686. 98 693. 18 699. 43 705. 73 712. 06 718. 4 


510 744.40 751, 00 757. 64 764. 33 771. 06 777. 84 784. 67 791. 54 798. 45 805.42 510 
520 812, 43 819. 48 826. 58 833. 73 840. 92 848. 17 855. 46 862. 80 870. 18 877.61 520 
530 885.10 892. 63 900. 21 907. 84 915. 52 923. 24 931, 02 938. 85 946. 73 954.66 530 

3 
9 


a > 


540 962. 64 970. 67 978. 75 986. 88 995. 06 1003. 3 1011.6 1019. 9 1028. 1036.8 540 
550 1045.3 1053. 8 1062. 4 1071.1 1072.8 1088. 6 1097. 4 1106. 3 1115. 1124.2 550 


560 1133.2 1142.3 1151.5 1160. 7 1169.9 1179. 3 1188. 6 1198. 1 1207. 6 1217.1 560 
570 1226.7 1236. 4 1246. 1 1255. 9 1265. 7 1275.6 1285. 6 1295. 6 1305. 7 1315.9 570 
580 1326.1 1336. 3 1346. 6 1357.0 1367. 5 1378. 0 1388. 6 1399. 2 1409. 9 1420.7 580 
590 1431.5 1442. 4 1453. 3 1464.3 1475. 4 1486. 5 1497.8 1509. 0 1520. 4 1531.8 590 
600 1543.3 1554. 8 1566. 4 1578. 1 1589. 8 1601. 6 1613. 5 1625. 4 1637. 5 1649.5 600 
610 1661.7 1673. 9 1686. 2 1698. 6 1711.0 1723. 5 1736. 1 1748.7 1761.4 1774.2 610 
620 1787.1 1800. 0 1813. 1 1826. 1 1839. 3 1852. 5 1865. 8 1879. 2 1892.8 190f.2 620 
630 1919.8 1933. 5 1947.3 1961. 1 975. 1 1989. 1 2003. 2 2017.3 2031.5 2045.9 630 
640 2060.3 2074. 8 2089. 3 2104. 0 2118.7 2133. 5 2148. 4 2163. 4 2178. 4 2193.6 640 
650 2208.8 2224. 1 2239. 5 2255. 0 2270. 6 2286. 3 2302. 0 2317.9 2333. 8 2349.8 650 
660 2366.0 2382. 2 2398. 5 2414.8 2431.3 2447.9 2464. 6 2481. 4 2498. 2 2515.2 660 
670 2532.2 2549. 4 2566. 6 2584. 0 2601. 5 2619. 0 2636. 7 2654. 5 2672. 3 2690.3 670 
680 2708.4 2726. 5 2744.9 2763. 3 2781.8 2800. 4 2819. 2 2838. 0 2857. 0 2876.1 680 
690 2895.3 2914. 6 2934. 1 2953. 6 2973. 3 2993. 2 3013. 1 3033. 2 3053. 4 3073.8 Gye 
700 3094.3 3114.9 3135.7 3156. 7 3177.8 $100.2 ------ ene nee 7 
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TABLE 4.—Derivative of the pressure of saturated water vapor (dp/dt) in pounds per 
square inch per degree Fahrenheit 








oe 0 1 2 3 4 5 6 7 s 9 oy 
20 .002204 2383 2474 2569 2666 2767 2871 2979 3090 3204 20 
30 1003322 3444 3570 3700 3834 3972 4114 4260 4411 4567 30 
40 1004727 4893 5063 5238 5418 5604 5794 5991 6193 6401 40 
50 .006615 6836 7062 7294 7534 777 8032 8292 8558 8832 50 
60 .009114 9402 9699 10004 10316 10637 10966 11304 11651 12007 60 


70 .012372 12746 13129 13522 13925 14338 14762 15196 15640 16096 70 
80 . 016563 17040 17530 18031 18544 19069 19607 20157 20721 21297 + 80 
90 . 021886 22490 23107 23737 24382 25042 25717 26406 27110 27831 90 
100 . 028567 29319 30087 30873 31675 32494 33331 34185 35058 35948 100 


110 .036857 37785 38732 39699 40685 41691 42719 43766 44834 45924 110 
120 . 047035 48168 49323 50501 51702 52926 54173 55445 56740 58060 120 
130 . 05941 . 06078 . 06217 . 06359 . 06504 . 06652 . 06802 - 06955 . 07110 . 07269 130 
140 .07430 . 07593 . 07760 . 07931 . 08104 . 08280 . 08460 . 08642 . 08827 09016 140 
150 .09208 - 09403 . 09601 . 09803 - 10008 . 10216 . 10428 - 10644 - 10863 -11085 150 


160 .11311 . 11541 - 11775 . 12012 . 12253 . 12498 . 12747 . 13000 . 13256 - 13517 160 
170 .13782 - 14050 . 14324 . 14600 . 14882 . 15167 . 15457 . 15752 . 16050 - 16353 170 
180 . 16661 . 16973 . 17289 . 17611 . 17937 . 18267 . 18602 . 18943 . 19288 - 19638 180 
190 . 19993 . 20353 . 20717 . 21088 . 21462 . 21843 . 22228 . 22619 . 23015 . 23417 190 
200 . 23824 . 24236 . 24654 . 25077 . 25506 . 25941 . 26381 . 26828 . 27279 . 27737 +200 


210 . 28201 . 28670 . 29146 . 29628 . 30116 . 30609 . 31109 . 31616 . 32128 . 32648 210 
220 .33173 . 33704 - 34243 . 34787 . 35339 . 35897 . 36462 . 37034 . 37612 . 38197 22 

230 . 38789 . 39288 . 39994 - 40607 . 41227 . 41854 . 42489 - 43130 . 43780 - 44436 230 
240 . 45100 - 45771 . 46450 . 47136 . 47830 . 48532 - 49240 . 49958 . 50682 .51415 240 


250 .5216 . 5290 . 5366 . 5443 . 5520 . 5598 . 5677 . 5757 . 5837 5919 250 
260 .6001 . 6084 . 6168 . 6253 . 6338 . 6425 . 6512 . 6601 . 6690 - 6780 260 
270 . 6871 . 6963 . 7056 . 7149 . 7244 . 7339 . 7436 . 7533 . 7631 .7731 270 
280 . 7831 . 7932 . 8034 . 8137 . 8241 . 8346 . 8452 . 8559 . 8667 .8776 280 
290 . 8886 . 8997 . 9109 . 9222 . 9336 . 9450 . 9567 . 9684 . 9802 .9921 290 
300 1. 0041 1, 0162 1, 0284 1. 0408 1. 0532 1, 0658 1, 0784 1, 0912 1. 1040 1.1170 300 
310 1.1301 1, 1433 1, 1566 1. 1700 1. 1836 1. 1972 1, 2110 1, 2248 1, 2388 1. 2529 310 
320 1, 2671 1, 2815 1, 2959 1.3105 1. 3251 1, 3399 1, 3548 1. 3699 1. 3850 1.4003 320 
320 1.4157 1, 4312 1. 4468 1. 4625 1, 4784 1. 4944 1. 5105 1, 5267 1, 5431 1.5596 330 
340 1.5762 1, 5929 1, 6097 1, 6267 1, 6438 1. 6610 1, 6784 1. 6959 1.7135 1.7312 340 
350 1.7491 1, 7671 1, 7852 1, 8035 1, 8219 1, 8404 1. 8590 1, 8778 1, 8968 1.9158 350 
360 1.9350 1, 9543 1, 9738 1, 9933 2. 0130 2. 0329 2. 0529 2. 0730 2. 0933 2.1137 360 
370 2.1342 2. 1549 2. 1757 2. 19°? 2. 2178 2. 2390 2. 2604 2. 2819 2. 3036 2.3254 370 
380 2. 3473 2. 3694 2. 3916 2. 4140 2. 4365 2. 4592 2. 4820 2. 5049 2. 5280 2.5513 380 
390 2.5746 2. 5982 2. 6219 2. 6457 2. 6697 2. 6938 2. 7181 2. 7425 2. 7671 2.7918 390 
400 2.8167 2, 8417 2. 8669 2. 8923 2. 9178 2. 9434 2. 9692 2. 9951 3. 0212 3.0475 400 
410 3.0739 3. 1005 3. 1272 3. 1541 3. 1811 3. 2083 3. 2357 3. 2632 3. 2909 3.3187 410 
420 3.3467 3. 3748 3. 4032 3. 4316 3. 4603 3. 4891 3. 5180 3. 5472 3. 5764 3. 6059 420 
430 3.6355 3. 6653 3. 6952 3. 7253 3. 7556 3. 7860 3. 8166 3. 8474 3. 8784 3.9095 430 
440 3.9408 3. 9722 4. 0038 4. 0356 4. 0675 4. 0997 4, 1320 4. 1644 4.1971 4.2299 440 
450 4, 2629 4. 2960 4. 3294 4. 3629 4. 3966 4. 4304 4. 4645 4. 4987 4, 5331 4.5676 450 
460 4.6024 4. 6373 4. 6724 4. 7077 4. 7431 4. 7788 4. 8146 4. 8506 4. 8868 4.9231 460 
470 4.9597 4. 9964 5. 0333 5. 0704 5. 1077 5, 1451 5. 1828 5. 2206 5. 2586 5. 2968 470 
480 5, 335 5. 374 5. 413 5. 452 5. 491 5. 530 5. 570 5. 609 5. 649 5.689 480 
490 5.730 5. 770 5. 811 5. 852 5. 893 5. 934 5. 976 6. 017 6. 059 6.101 490 
500 6. 143 6. 186 6. 229 6. 271 6. 314 6. 358 6. 401 6. 445 6. 489 6.533 500 
510 6.577 6. 622 6. 666 6.711 6. 756 6. 802 6. 847 6. 893 6. 939 6.985 510 
520 7. 032 7. 078 7. 125 7.172 7. 219 7. 266 7.314 7. 362 7.410 7.458 520 
530 7. 507 7. 556 7. 605 7. 654 7.7 7. 753 7. 803 7. 853 7. 903 7.954 530 
540 &. 004 8. 056 8. 107 8. 158 8. 210 8. 262 8.314 8. 366 8. 419 8.472 540 
550 8. 525 8. 578 8. 632 8. 686 8. 740 8. 794 8. 848 8. 903 8. 958 9.014 550 
560 9. 069 9. 125 9. 181 9. 237 9, 294 9. 350 9. 407 9. 465 9. 522 9.580 560 
570 9. 638 9. 696 9. 755 9.814 9. 873 9. 932 9. 992 10, 052 10, 112 10.172 570 


580 10. 233 10, 294 10. 355 10. 416 10. 478 10. 540 10. 603 10. 665 10, 728 10.792 580 
590 10. 855 10. 919 10. 983 11. 047 11, 112 11.177 11, 242 11, 307 11, 373 11.439 590 
600 11.506 11. 573 11. 640 11. 707 11.77 11, 843 11.911 11. 980 12, 048 2.118 600 


610 12. 187 
620 12.902 


2. 257 12. 328 12. 398 12. 469 12, 540 12. 612 12 

2.975 13. 049 13. 123 13. 197 13. 272 13. 347 13. 423 13. 500 13.575 620 
630 13. 652 3. 729 13. 806 13. 884 13. 963 14, 041 14, 120 14. 200 14, 280 14.360 630 
640 14. 441 4, 523 14. 604 14. 687 14. 769 14. 853 14. 936 15. 020 15. 105 15.190 640 
650 15, 275 15. 361 15. 448 15. 535 15, 623 15, 711 15. 800 15, 889 15. 979 16.070 650 


. 684 12. 756 12.829 610 


16. 161 16, 252 16. 345 16. 438 16. 532 16, 626 16, 721 16. 817 16. 913 17.011 660 
670 17,109 17. 207 17, 307 17. 407 17. 508 17. 610 17. 713 17, 817 17, 922 18,028 670 
18, 134 18. 242 18, 351 18. 461 18. 57 18, 685 18, 799 18. 913 19. 030 19.147 680 
690 19, 267 19. 388 19. 510 19. 634 19. 761 19, 889 20. 019 20, 152 20, 288 20.427 690 
700 20. 570 20. 717 20. 869 21. 030 21. 205 OE? Move sakes banade -ocueem 700 
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TABLE 5.—Pressure of saturated water vapor 


Pounds per square inch _Fahrenheit temperature—Standard gravity==32.174 ft/sec? 

















Ib/in.? “7 Ib/in.? °F Ib/in.? °F | Ibsin.? oF 
0. 10 35. 030 5.4 165. 510 37 262. 579 | 97 325. 627 
12 39. 663 5.5 166. 297 38 264. 170 | 98 326. 365 
14 43. 657 5.6 167.071 39 265. 728 | 99 327. 097 
. 16 47.175 | 5.8 168. 585 40 267. 253 | 100 327. 823 
.18 50. 324 6.0 170. 054 41 268. 748 101 328. 544 
. 20 53. 179 6.2 171. 484 42 270. 213 | 102 329. 260 
. 55. 792 6.4 172. 876 43 271. 651 103 329. 969 
. 24 58. 203 6.5 173. 55S 44 273. 061 | 104 330. 673 
. 25 59. 343 6.6 174, 232 5 974. 446 | 105 331. 371 
. 26 60. 444 6.8 175. 553 46 275. 807 106 332. 064 
| 
. 28 62. 539 7.0 176, 842 | 47 277. 143 | 107 332. 753 
. 30 64. 506 7.2 178. 100 48 278. 457 108 333. 436 
. 32 66. 361 7.4 179, 330 49 279. 749 | 109 334, 114 
. 34 68. 117 7.5 179. 934 50 281. 020 } 110 334. 787 
35 68. 962 7.6 180. 532 51 282. 270 } il 335. 455 
. 36 69. 786 ma 181. 708 52 283. 501 | 112 336. 118 
38 71. 375 | 8.0 182. 858 53 284. 712 113 336. 778 
40 72. 892 8.2 183. 985 54 285. 906 | 114 337. 431 
42 74. 344 me ae 185. 089 55 287. 082 | 115 338. 082 
44 75. 737 8.5 185. 633 56 288. 240 | 116 338. 727 
| | 
45 76. 414 8.6 186. 57 289. 382 117 339. 368 
. 46 77. 076 } 8.8 187. 23% | 58 290. 509 118 340. 004 
48 78. 365 | 9.0 188. 275 | 59 291. 620 ; 119 340. 636 
50 79. 608 9.2 189, 297 | 60 292. 715 120 341. 265 
55 82. 536 9.4 190. 301 61 293. 796 | 121 341. 889 
60 85. 240 | 9.5 190. 796 | 62 294. 862 | 12: 342. 509 
. 65 87. 755 9.6 191. 287 } 63 295. 916 123 343. 125 
70 90. 106 9.8 192. 256 64 296. 955 124 343. 736 
75 92. 317 10. 0 193. 209 | 65 297. 982 | 125 344. 344 
. 80 94, 403 10.5 195. 524 66 298. 997 | 126 344. 949 
85 96. 378 11.0 197. 748 | 67 299. 998 | 345. 549 
. 90 98. 256 11.5 199. 890 | 68 300. 989 | 128 346. 146 
95 100. 045 12.0 201. 956 69 301. 967 | 129 346. 739 
1. 00 101. 755 12.5 203. 951 70 302. 934 130 347. 329 
1,10 104. 964 13.0 205. 881 7 303. 890 131 347. 915 
j 
1.2 107. 930 13.5 207. 751 7 304. 836 132 348. 497 
1.3 110. 689 14.0 209. 564 | 7: 305. 771 133 349. 076 
1.4 113. 272 14.5 211. 323 74 306. 695 134 349. 651 
1.5 115. 701 15. 0 213. 034 75 307. 610 135 350. 223 
1.6 117. 994 16. 0 216. 319 | 76 308. 515 136 350. 792 
By 120. 167 17 } 77 309. 411 | 137 351. 358 
1.8 22. 233 18 | 78 310. 297 138 351. 920 
1.9 124. 203 19 225. 79 311. 175 | 139 352. 479 
2.0 126. 086 20 227. 961 80 312. 043 | 140 353. 034 
2.2 129. 622 21 230. 568 81 312. 903 | 141 353. 587 
2. 132. 893 22 233. 075 82 313. 755 142 354. 137 
2.6 135. 939 23 235. 491 83 314. 598 | 143 354. 684 
2.8 138. 791 24 237. 821 84 315. 433 | 144 355. 227 
3.0 141. 475 25 240. 073 85 316, 260 | 145 355. 768 
3.2 144. 010 26 242. 253 86 317. 080 | 146 356. 305 
| | 
3.4 146. 414 ee 244. 364 87 317. 891 | 147 356. 840 
3.6 148. 701 iz | 246. 413 88 318. 696 | 148 357. 372 
3.8 150. 883 | 29 248. 403 | 89 319. 493 | 149 357. 901 
4.0 152. 969 | 30 250. 328 90 320. 283 | 150 358. 428 
4.2 154. 969 | $1 252. 221 gl 321. 067 | 151 358. 952 
4.4 156. 889 32 254. 054 | 92 321. 843 | 152 359. 472 
4.6 158. 737 i 3 255. 842 93 322. 613 153 359. 991 
4.8 160. 519 34 257. 586 U4 323. 376 154 360. 506 
5.0 162. 238 | 85 259. 289 95 324. 133 | 155 361. 019 
5.2 163. 901 | 36 260. 953 Yb 324. 883 | 156 361. 529 
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Ib/in.? °F Ib/in.? °F Ib/in.? °F Ib/in.? “7 
157 362. 037 275 409. 436 650 494. 896 | 1500 596. 199 
158 362, 542 280 411. 059 660 496. 572 1520 597. 967 
159 363. 045 285 412. 659 670 498. 229 | 1540 599. 717 
160 363. 545 290 414, 239 680 499. 868 1560 601. 449 
161 364. 043 295 415. 797 690 501. 488 1580 603. 165 
162 364. 538 d 417. 334 700 503. 090 1600 604. 863 
163 365. 031 305 418. 853 | 710 504. 675 1620 606. 545 
164 365, 522 310 420. 352 720 506, 243 1640 608. 211 
165 366, 010 315 421. 832 730 507. 794 1660 609. 861 
166 366. 496 320 423, 295 740 509. 330 1680 611. 496 
167 366. 980 325 424. 739 750 510. 849 1700 613. 115 
168 367. 461 330 426. 167 | 760 512. 353 1720 614. 720 
169 367. 940 335 427. 578 770 513. 842 1740 616. 310 
170 368. 417 340 428. 973 780 515. 317 1760 617. 886 
171 368. 892 345 430. 352 790 516. 777 } 1780 619. 448 
172 369. 364 350 431. 716 800 518, 223 1800 620. 996 
173 369. 834 355 433. 065 810 519. 655 1820 622. 531 
174 370. 303 360 434, 399 820 521. 074 1840 624. 053 
175 370. 769 365 435. 719 830 522. 479 1860 625. 561 
176 371. 233 370 437. 025 | 840 523. 872 1880 627. 057 
17 371. 695 375 438. 317 850 525. 252 1900 628. 540 
17 372. 155 380 439. 596 860 526. 620 1920 630. O11 
179 372. 613 385 440. 863 | 870 527. 976 1940 631. 470 
180 373. 069 390 442. 117 | 880 529. 320 1960 632. 917 
181 373, 523 395 443. 359 890 530. 652 } 1980 634, 353 

| 
182 373. 975 400 444, 588 900 531. 973 2000 635. 776 
183 374, 425 405 445. 806 910 533. 282 2050 639. 287 
184 374. 873 410 447.012 920 534. 581 | 2100 642. 730 
185 375. 319 415 448. 207 | 930 535. 869 2150 646. 107 
186 375. 764 420 449, 391 | 940 537. 147 | 2200 649, 422 
187 376. 206 425 450. 564 | 950 538, 413 2250 652. 676 
188 376. 647 | 430 451. 727 | 960 539. 670 2300 655, 871 
189 377. 085 | 435 452. 879 | 970 540. 917 2350 659. 010 
190 377. 522 440 454. 021 980 542, 154 2400 662. 094 
191 377. 957 445 455. 153 990 543. 382 2450 665. 125 
| 
192 378. 391 | 450 456. 276 | 1000 544. 600 2500 668. 105 
193 78. 822 } 455 457. 388 | 1020 547. 007 2550 671. 035 
194 379. 252 460 458. 492 | 1040 549. 381 2600 673. 916 
195 379. 680 465 459, 586 | 1060 551. 720 2650 676. 750 
196 380. 107 } 470 460. 672 1080 554. 024 2700 679. 537 
197 380. 532 475 461. 748 1100 556. 296 | 2750 682. 279 
198 380. 955 | 480 462. 816 1120 558. 536 } 2800 684. 977 
199 381. 376 } 485 463. 875 1140 560. 747 2850 687. 632 
200 381. 796 490 464. 926 1160 562. 927 2900 690. 245 
202 382. 630 495 465. 969 1180 565. 079 2950 692. 815 
| | 
204 383. 458 500 467. 004 1200 567. 204 | 3000 695. 344 
205 383. 870 } 510 469. 050 1220 569. 300 | 3050 697. 832 
210 385. 906 | 520 71. 065 1240 571. 372 3100 700. 278 
215 387. 903 530 473. 051 1260 573. 417 3150 702. 683 
220 389. 865 540 475. 009 1280 575. 438 3200 705. 044 
225 391. 793 550 476. 939 1300 577. 434 
230 393. 687 560 478. 842 } 132 579. 407 
235 395. 549 570 480. 719 1340 581. 357 
240 397. 381 580 482. 571 1360 583. 285 
245 398, 184 590 484. 399 1380 585, 191 
26 400. 958 600 486. 203 1400 7. 076 
255 402. 704 610 487. 985 1420 588. 940 
260 404. 425 620 489. 744 1440 590. 784 
265 406. 119 630 491. 482 1460 592. 608 
270 407. 789 640 493. 199 1480 594. 413 
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TABLE 6.—Pressure of saturated water vapor 


Kilograms per square centimeter—Centigrade temperature 


[Standard gravity, 980.665 cm/sec’] 























kg/cm? °*6 | kg/em? "0 kg/cm? “xX | kg/em? °C kg/em? °C 

nr 
a 1. 00 99. 087 9.0 174.529 | 45 256.227 | 110 316. 580 
0. 0075 2. 590 1.10 101. 764 9.2 175.461 | 46 257.564 | 112 317. 929 
0100 6. 707 1. 20 104. 247 9.4 176.377 | 47 258.879 | 114 319. 260 
0125 9. 996 1. 30 106. 564 9.6 177.278 | 48 260.173 | 116 320. 573 
0150 12. 749 1. 40 108. 739 9.8 178.164 | 49 261. 446 118 321. 868 
0175 15. 123 1.5 110. 789 10.0 179.036 | 650 262. 700 120 323. 146 
0200 17. 217 1.6 112. 730 10.5 181.158 | 651 263. 934 122 324. 408 
0225 19.091 | 7 114. 573 11.0 183.201 | 52 265. 151 124 325. 653 
0250 20.791 | 1.8 116. 330 11.5 185.172 | 653 266.349 | 126 326, 883 
0275 22. 349 1.9 118. 009 12.0 187.078 | 54 267.531 | 128 328. 098 

| | 
030 23.7 2.0 119.617 | 12.5 188.922 | 55 268.695 | 130 329. 298 
035 26. 375 2.1 121. 160 13.0 190.709 | 56 269. 844 132 330. 483 
040 28. 658 2.2 122. 645 13.5 192.443 | 57 270. 977 134 331. 654 
045 30. 705 2. 3 124.075 | 14.0 194.128 | 58 272. 096 136 332. 812 
050 32. 562 2.4 125.456 | 14.5 195. 766 59 273.199 | 138 333. 956 

| | | 
055 34. 265 2.5 126. 791 | 15.0 197.360 | 60 274. 288 140 335. 087 
060 35. 839 2.6 128.082 | 15.5 198. 914 61 275.364 | 142 336. 205 
065 37. 302 2.7 129.335 | 16.0 200. 429 62 276.426 | 144 337. 311 
070 38. 672 2.8 130.550 | 16.5 201. 907 63 277.475 | 146 338. 404 
075 39. 959 2.9 131. 730 17.0 203.351 | 64 278.512 | 148 339. 486 

| | 
080 41.174 3.0 132.878 | 17.5 204.763 | 65 279.535 | 150 340. 556 
085 42. 326 3.1 133.995 | 18.0 206.143 | 66 230.547 | 152 341. 614 
090 43. 420 3.2 135.083 | 18.5 207. 494 67 281.549 | 154 342. 661 
095 44. 463 3.3 136.144 | 19.0 208. 817 68 282.538 | 156 343. 697 
100 45. 460 3.4 137.180 | 19.5 210. 113 69 283.516 | 158 344, 723 
11 47. 331 3.5 138.192 | 20.0 211. 383 7 284.483 | 160 345. 738 
12 49. 062 3.6 139. 180 20. 5 212. 629 71 285.440 | 162 346. 742 
13 50. 673 3.7 140.146 | 21.0 213.852 | 72 286. 387 164 347. 737 
14 2. 181 3.8 141.091 | 21.5 215.053 | 7 287. 323 166 348. 721 
15 53. 599 3.9 142.017 | 22.0 216.232 | 74 288. 250 168 349. 696 
16 54. 939 4.0 142.923 | 22.5 217. 390 75 289. 167 170 350. 661 
17 56. 209 4.1 143. 812 23.0 218.529 | 76 290. 075 72 351. 617 
18 7. 416 4.2 144. 684 23. 5 219. 649 77 290. 974 174 352. 563 
.19 58. 568 4.3 145. 538 24.0 220. 75 7 291. 864 176 353. 501 
20 59. 669 4.4 146. 377 24. 5 221. 834 79 292. 745 178 354. 429 
.21 60. 724 4.5 147. 201 25.0 222. 901 80 293. 618 180 355. 348 
22 61. 738 4.6 148. 010 25.5 223. 951 81 294.483 | 182 356. 259 
23 62. 713 4.7 148. 805 26. 0 24. 986 82 295.339 | 184 357. 161 
24 63. 652 4.8 149.587 | 26.5 226.006 | 83 296.187 | 186 358. 055 
25 64. 559 4.9 150.356 | 27.0 227. 011 84 297.028 | 188 358. 941 
. 26 65. 435 5.0 151. 112 27.5 228.001 | 85 297. 861 190 359. 818 
. 28 67. 106 5.2 152. 589 28.0 228.978 | 86 298.686 | 192 360. 687 
30 68. 678 5.4 154. 021 28. 5 229.942 | 87 299. 504 194 361. 548 
32 70. 164 5.6 155. 412 29.0 230.892 | 8&8 300. 315 196 362. 401 
34 71. 57: 5.8 156. 763 29. 5 231.830 | 89 301.119 | 198 363. 247 
35 72. 252 0 158. 078 30 232.756 | 90 301.916 | 200 364. 084 
36 72.914 | 6.2 159. 358 31 234.573 | 91 302.706 | 202 364. 914 
38 74.194 | 6.4 160.605 | 32 236.345 | 92 303. 489 204 365. 737 
40 75. 418 6.6 161. 822 33 238.075 | 93 304. 266 206 366. 552 
45 78. 267 6.8 163.010 | 34 239.766 | 94 305.036 | 208 367. 359 

| | | | 
50 80.860 | 7.0 164.171 | 35 241.419 | 95 305.801 | 210 368. 159 
55 83.245 | 7.2 165. 305 36 243.0385 | 96 306.559 | 212 368. 951 
60 85.454 | 7.4 166. 415 37 244.618 | 97 307.311 | 214 369. 737 
65 87.514 | 7.6 167.501 | 38 246.169 | 98 308. 057 216 370. 514 
70 89.446 | 7.8 168.565 | 39 247.688 | 99 308. 797 218 371. 285 
7 91. 266 8.0 169. 607 | 40 249. 178 | 100 309.531 | 220 372. 048 
80 92. 988 | 8.2 170.629 | 41 250.640 | 102 310.983 | 222 372 803 
85 94.622 | 84 171.631 | 42 252.074 | 104 312.413 | 224 373. 550 
.90 96.178 | 86 172.615 | 43 253. 483 106 313.822 | 225 373. 920 
95 97.663 | . 88 173. 581 44 254. 867 108 BIG. 211 | ew. sone eee 
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Saturation Pressure of Steam 


TABLE 7.—Converston factors 


Definitive Values 


_ 


1 standard atmosphere = 760 mm mercury column (density 13.5951 g/cm, gravity 
980.665 cm/sec ?). 

1 meter = 39.37 inches. 

1 pound = 453.59243 grams. 

1,000 calories=1/860 international kilowatt hour (definition of International 
Steam Conference, London 1929). 

1 international electrical watt=—1.0003 absolute watts (rounded experimental 
value as of 1934). 

1 Btu=252.00 cal (definition evolved by usage and based on relations between 
mass units and thermometric scales). 


PRESSURE CONVERSION 


FACTORS 





Atm kg/cm? bar mm Hg Ib/in.? 

1 = 1. 03323 = 1.013825 = 760. = 14. 6960 

. 967841 = 1 = . 980665 = 735. 559 = 14. 2234 

. 986923 = 1.01972 = 1 = 750. 062 = 14. 5038 

1.31579 = 1.35951 = 1. 33322 1000 = 19. 3369 
. 680457 = . 703067 = . 689473 = 517. 147 = 10 


ENERGY CONVERSION FACTORS 





Absolute international 
joule electrical Heat Pressure X volume 
kg 
j int.j int.whr — cal Btu ——ft? — —m’ atm-dm? ft-lb 
in? em? 
10,000 = 9,997 = 2.7769= 2, 388.2= 9.4770= 651.2195=0.101972=  98.6923= 7,375.61 
10,003 = 10,000 = 2.7778= 2, 388.9= 9. 4799= 51.235 = .10200 = 98.722 = 7,377.8 
36,011 = 36,000 10 = 8,600 = 34.128 = 184.45 = .36721 = 355.40 = 26,560 
41,873 = 41,860 =11.628 =10,000 = 39.683 = 214.47 = .42699 = 413.25 = 30,884 
10,552 = 10,549 = 2.9302= 2,520.0= 10 = 54.046 = .10760 = 104.14 = 7,782.6 
195,238 =195,180 =54.217 =46,626 =1, 850.3 =1, 000 =1.9909 =1,926.85 = 144,000 
98, 066.5= 98,037 =27.233 =23,420 = 92.9388 = 502.292 = 1 = 967.841 = 72,330.0 
10, 132.5= 10,129 = 2.8137= 2,419.8= 9.6026= 51.8982= .103323= 100 = 7, 473. 33 
13, 558.2= 13,554 = 3.7650= 3, 237.9= 12.849 = 69.4444= .138255= 133.809 = 10,000 
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500 
510 
520 
530 


540 


550 
560 
570 
580 


590 


600 
610 
620 
630 
640 


650 
660 
670 
680 
690 


700 
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TABLE 8.—(Thermomeiric) Condensation temperature of steam 


{Star (*) indicates change in integer] 


Pressure in mm mercury (standard) | 












Wasuineton, March 30, 1934. 




















0 1 2 3 4 5 6 7 8 Bos Pp 
Temperature in degrees of international scale 
} 

88. 678 0. 730 0. 782 0. 834 0. 886 0. 938 0. 990 *0. 042 *0. 093 *0. 144 | 500 
89. 196 247 . 298 . 350 . 401 . 452 . 502 . 553 . 604 . 655 510 
705 756 . 806 . 856 . 907 . 957 *. 007 *. 057 *. 107 *, 157 520 
90. 206 256 . 306 355 405 . 454 . 503 . 553 . 602 . 651 530 
700 749 . 798 . 846 . 895 . 944 . 992 *, 041 *. 089 *. 138 540 

91. 186 234 282 . 330 . 378 . 426 . 474 . 621 . 569 .617 55 
. 664 712 759 . 806 . 854 . 901 . 948 . 995 *, 042 *. O89 560 
92. 136 182 229 . 276 . 322 . 369 415 . 462 . 508 . 554 570 
600 646 692 . 738 . 784 . 830 . 876 . 922 . 967 *.013 580 
93. 058 104 149 . 195 240 285 . 330 . 375 . 420 - 465 590 
5100 . 5548 5996 . 6443 . 6889 . 7335 . 7780 . 8224 . 8668 9112 600 
9554 . 9996 * 0438 *. 0879 *.1319 *, 1759 *, 2198 *, 2636 *, 3074 *, 3511 610 
14. 3948 . 4384 4820 . 5255 . 5689 6123 . 6556 . 6989 . 7421 . 7852 620 
8283 . 8713 9143 . 9572 *, 0001 *. 0429 *, 0857 *. 1284 we eS 630 
95. 2562 . 2987 3411 . 3834 257 4680 . 5102 . 5523 . 5944 .6365 | 640 
95. 6785 . 7204 7623 . 8041 8459 8876 . 9293 .9709 *.0125 *.0539 650 
96. 095+ . 1368 1782 . 2195 2607 3019 . 3431 3842 .4 . 4662 660 
5072 . 5480 5889 . 6297 . 6704 7111 . 7517 . 7923 . 8329 . 8734 670 
9138 . 9542 9946 §*. 0: * 0751 *,1153 4*.1555 =—*. 1056 «= *. 2356 «= *. 2756 680 
97. 3156 . 3555 3954 4749 5146 . 5543 . 5939 . 6335 . 6730 690 
. 7519 7913 . 8307 . 87 $092 . 9484 .9876 *.0267 *. 0657 700 
. 1437 1827 . 2216 2604 2992 . 3379 . 3766 . 4153 . 4539 710 
"5310 15695  .6079 .6463 .6846 .7220 |7612 .7994 .8376 | 720 
. 9138 . 9519 .9899 *.0278 *.0657 *.10386 *.1414 *.1792 *.2170 | 730 
. 2924 . 3300 . 3675 4051 4426 . 4800 . 5174 . 5548 . 5921 | 740 
. 6294 . 6667 . 7039 . 7410 7781 8152 . 8893 . 9262 .9631 | 750 
100. 0000 . 0368 . 0736 . 1104 . 1471 1838 . 2570 . 2936 .3301 | 760 
. 3666 . 4030 . 4394 . 4758 4121 5484 . 6208 . 6570 .6932 | 770 
. 7293 . 7653 . 8013 . 8373 8733 9092 . 9808 *. 0166 *. 0524 780 
101. OS81 . 1238 . 1594 . 1950 2306 2661 . 3016 . 3371 . 3720 . 4079 790 

0 1 2 3 4 5 6 7 8 9 





—~_ — -— <e 


So ee ee 
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HEATS OF COMBUSTION AND OF FORMATION OF THE 
NORMAL PARAFFIN HYDROCARBONS IN THE GAS- 
EOUS STATE, AND THE ENERGIES OF THEIR ATOMIC 
LINKAGES 





By Frederick D. Rossini 


ABSTRACT 


From the data recently obtained in this laboratory on the heats of combus- 
tion of methane, ethane, propane, normal butane, and normal pentane, reliable 
values are deduced for the heats of combustion of all the other normal paraffin 
hydrocarbons in the gaseous state. For normal C,Hon+. (gas), with n>5d, 
the heat of combustion, at a temperature of 25 C and a constant total pressure 
of 1 atmosphere, in gaseous oxygen to form gaseous carbon dioxide and liquid 
water, is 60.40+7(157.00+0.08) k—cal,; per mole. (This unit of energy is a 
defined one and is derived from the fundamental international joule by means 
of the factor 1.00040/4.1850.) 

The following generalization is made: In any organic molecule containing a 
normal alkyl group of more than 5 carbon atoms, the addition of a CH, group to 
the normal alkyl group to form the next higher normal alkyl group results in an 
increase in the heat of combustion of the organic molecule in the gaseous state, 
at a temperature of 25 C and a constant total pressure of 1 atmosphere, of 
157.00 +0.08 k—cal,; per mole. 

From these and other data values are computed for the heats of formation, 
from hydrogen and §-graphite and diamond, respectively, of all the normal 
paraffin hydrocarbons in the gaseous state at temperatures of 25 C and 0 Kelvin. 

The energy of dissociation, at zero Kelvin, of a gaseous normal paraffin 
hydrocarbon, C,Hen+2, into gaseous carbon and hydrogen atoms, is shown to 
be a linear function of n above, but not linear below, n=6. The deviations from 
linearity for the latter are in the direction of greater stability of the molecule 
and have the following values: Methane, 4.81+0.08; ethane, 1.59+0.14; pro- 
pane, 0.83+0.19; normal butane, 0.46+0.27; normal pentane, 0.13+0.37, 
k-eal per mole. 

It is shown that for the normal paraffin hydrocarbons, and for carbon and 
hydrogen atoms in the normal state, the energy evolved in the reaction C (gas) + 
2H (gas) + C,Honsie (gas)= Crasi:Honss (gas), for n>5, at O Kelvin, is —AH8 
(20.8+0.9)+ Doo k-calis per mole (D,. is the energy of dissociation of CO at 
0 Kelvin); and any assignment of values for D,o, for the energy of excitation of 
the carbon atom to the 5S state, and for the energies of the 1 C-C and 2 C-—H 
bonds formed in the reaction must satisfy this relation. 
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I. INTRODUCTION 


In this paper the writer utilizes the data on the heats of combustion 
of methane, ethane, propane, normal butane, and normal pentane 
recently obtained in this laboratory (1, 25)' for the following pur- 
poses: First, to predict accurate values for the heats of combustion 
of the normal gaseous paraffin hydrocarbons containing more than 
5 carbon atoms; second, to compute values for the heats of formation 
of all the normal paraffin hydrocarbons in the gaseous state; and third, 
to test the accuracy of the postulate of the constancy of the energies 
of the atomic linkages in these molecules. 

Because of the increasing industrial importance of vapor phase 
reactions involving the paraffin hydrocarbons, there is great need for 
values of the heats of formation of these substances in the gaseous 
state, for making calculations of the chemical equilibria involved. 

The heats of combustion of hydrocarbons have been of considerable 
interest to the physical chemist for many years. Speculation con- 
cerning the influence of structure and of the number of carbon atoms 
upon the energy content of hydrocarbon molecules began as early as 
1869, when Hermann (2) utilized for this purpose the data on heats 
of combustion obtained by Favre and Silbermann (4) about 15 years 
earlier. 

From the results of his own measurements, reported in 1886 in the 
fourth volume of his monumental treatise on thermochemistry, 
Thomsen (3) showed that, in general, the addition of a CH, group to 
any molecule in the gaseous state resulted in an increase in its heat 
of combustion of about 158 kilocalories per mole. And, in particular, 
Thomsen’s values for methane, ethane, propane, isobutane, and 
tetramethylmethane showed constant successive differences in the 
heats of combustion, at constant pressure and a temperature of 18 C, 
of 158.34+0.20 kilocalories per mole. 

Except for the meager data of Berthelot and Matignon (5) on 
ethane and propane, and the isolated value of Roth and Machlett (6) 
on pentane, no data on the heats of combustion of the gaseous paraffin 
hydrocarbons above methane were reported during the half century 
following Thomsen’s measurements. Thus it was only natural that 
Thomsen’s data were used to substantiate the almost universally 
accepted postulate of the constancy of the energies of the C—C and 
C-H linkages in the saturated hydrocarbon molecules. 

Many calculations have been made in recent years concerning the 
postulate of the constancy of bond energies in the paraffin hydro- 
carbons. In his recent book on ‘‘The Covalent Link in Chemistry”, 
published in 1933, Sidgwick (7) writes: ‘‘ * * * and so the values 
of the heats of formation of the [atomic] links [in the paraffin hydro- 
carbons] should be independent of the number of atoms in the mole- 
cule, as in fact they are found to be.” 

In particular, one may cite the recent, 1932, calculations of Pauling 
(8) who showed that, using the values given by Kharasch ? (9) for 
the heats of combustion of methane, ethane, propane, butane, hexane, 
and heptane, the energies of formation from gaseous atoms calcu- 
lated on the assumption of constant energies for the C-H and C-C 





1 Figures in parentheses here and throughout the text refer to the references at the end of this paper, p. 35. 
2 The values given by Kharasch (9) for methane, ethane, propane, and butane are based on the calori- 
metric data of Thomsen (3). 
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bonds were practically identical with the values computed from heats 
of combustion plus some auxiliary data. The differences between 
the values calculated by the two methods were such as to be equiva- 
lent to errors of less than 0.1 percent in the heats of combustion, or 
about 0.2 kilocalorie per carbon atom. This agreement is quite ex- 
traordinary because it borders on the very limit of the calorimetric 
precision obtainable by Thomsen (3), and there must be superim- 
posed upon his calorimetric uncertainty errors due to the large cor- 
rections for impurities in the samples of hydrocarbons burned by him. 
This latter uncertainty is probably much greater than Thomsen’s 
calorimetric error because his various samples had the following 
empirical formulas: Ethane, C.H¢ 054, C2H¢.033; propane, C3Hz 991; 
isobutane, CyHo 743, CyH09.999; tetramethylmethane; C;Hy1.73, CsHi1 64. 
Thomsen assumed that his last sample of pentane was, in mole per- 
cent, 78.5 C;Hie +21.5 C,Hs. 

Because of these facts, it has seemed desirable that an accurate test 
be made of the postulate of the constancy of the energies of the atomic 
linkages in the simple paraffin hydrocarbon molecules, by discovering, 
if possible, any real deviation from linearity in the heats of combustion 
of the members of the series. With the data on heats of combustion 
recently obtained in this laboratory (1), it is now possible to submit 
the postulate to a more rigorous test. 


II. HEATS OF COMBUSTION 


According to prevailing ideas, the heats of combustion of the paraffin 
hydrocarbons in the gaseous state should show constant differences 
between successive members of the series. That is to say, the heat of 
combustion will be a linear function of the number of carbon atoms, 


Qc=A+ Bn (1) 


where Qc is the heat of combustion of a gaseous normal paraffin hydro- 
carbon containing n carbon atoms, B is the constant increment per 
carbon atom or CH; group, and A isaconstant. This relation may be 


expressed also as 
(Qc—.A)/n=B (2) 
The following are the data recently obtained in this laboratory (1) 


on the heats of combustion of the gases at a temperature of 25 C and 
a constant total pressure of 1 atmosphere, in k-cal,; per mole: * 


St NARI S.A tice i lt Mien, Sing al ig 212. 79+0. 07 
Pe Oe Sar Slee wi we 372. 81+0. 11 
Peeeetn co) ee er uk MEW foe bol 530. 57+0. 12 
Papen SOONG 5 ss rk a oe eS 687. 94+0. 15 
ee TNO 9 5d oe cre col eee mat -. 845. 27+0. 21 


Examination of these values shows that the successive differences 
are 160.02, 157.76, 157.37, and 157.33, respectively. These differences 
are quite significantly not constant, but are apparently approaching a 





3 The nature of the calculation is such that the use of different values for the subsidiary data changes 
only the actual values of the C-H and C-C bond energies, not their constancy from one molecule to another. 
The postulate of the constancy of the energies of the atomic linkages in the normal gaseous paraffin hydro- 
carbons may be said to be practically substantiated if the heats of combustion of all the successive members 
of the series show constant differences within the limits of experimental error. 

‘ These values are given in k-calis, which is a defined unit and is taken as equivalent to 4.1850/1.00040 inter- 
national kilojoules. The fundamental unit of energy in this work is the international joule based upon 
standards of emf and resistance maintainediat this Bureau. See p. 736 of reference (25). 
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constant value with increasing number of carbon atoms. In figure 1 
is plotted, against the number of carbon atoms, the function 
(Qc —60.40)/n. The value of the constant, 60.40, has been chosen so 
that the values of (Qc—60.40)/n will approach a constant value at 
about n=6. That this relation adequately represents the data is 
corroborated by the values which have been included on the plot for 
gaseous normal heptane and gaseous normal octane. 
The values for the heats of combustion of gaseous normal heptane 
and gaseous normal octane are, respectively, 1159.5+0.6 and 1316.3+ 
0.7, k-cal,; per mole at a 
car fa. ef temperature of 25 C and 
a constant total pressure 
of 1 atmosphere. These 
O-~O values are based upon 
- the recent accurate data 
“ obtained by Jessup (10), 
/ in the heat division of this 
L : + Bureau, on the heats of 
/ combustion of the liquid 
! hydrocarbons at a tem- 
perature of 30 C and 
| constant volume in a 
| bomb calorimeter. Jes- 
| sup’s data have been con- 
verted according to the 
method of Washburn (11) 
| to give the energy of the 
| reaction at a pressure of 
| + latmosphere. After con- 
verting to a temperature 
O of 25 C and a constant 
pressure of 1 atmosphere, 
; 7 3 4 7 5 3 the writer has added the 


NUMBER OF CARBON ATOMS heat of vaporization, using 


rTé » ar ‘ r 
. s 8.75 and 9.85 
FictrE 1.—Relation between the heats of combus- we — “e ‘i d 9 “ - 
tion of the normal paraffin hydrocarbons and the K-Cal per moie, tor norma 
number of carbon atoms in the molecule. heptane and normal oc- 
tane,respectively. These 

The scale of ordinates gives the function (Qc—60.40) /n, where Qc ? i. - 3 
is the heat of combustion of gaseous normal C,Hon+2 atatem- V alues of the heat of va- 
perature of 25 C and a constant total pressure of 1 atmosphere, mat} thich ar - 
in k-calis per mole, and n is the number of carbon atoms in the porization, W hic h are ul 
molecule. The scale of abscissae gives the number of carbon certain by about 0.5 per- 
atoms in the molecule. The circles are drawn with radii repre- Q] btained by 
senting the estimated uncertainties in the various values. cent, were O taine dV 
the present writer from a 
review of the existing data which will be published in a subsequent 
paper. Jessup’s data on the heats of combustion of liquid normal 
heptane and liquid normal octane are accurate to about + 0.03 percent. 
From the data displayed in figure 1, one can say that the heat of 

e DS ’ “ 
combustion of any gaseous normal paraffin hydrocarbon containing 
more than 5 carbon atoms is given by the following relation: 


For n)5 








a 
~ 
\ 

° 
\ 
; 


IN KILOCALORIES PER CARBON ATOM 
ra 
T 
4 


an 
w 
T 








(Qc- 60.40)/N 





Qc =60.40+n (157.00 + 0.08) k-cal,; per mole ° (3) 


5 See footnote to table 1. 
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at a constant total pressure of 1 atmosphere and a temperature of 
25 C. Here Qc is the heat of the reaction 


CrHonse (gas) -onet O, (gas) = nCO, (gas) + (n+ 1) H,O (liquid) (4) 


and n is the number of carbon atoms, which must be greater than 5. 
The une erte ainty in the values of Qc obtained from the foregoing relation 
is about +0.05 percent. 

In table 1 are summarized the values for the heats of combustion of 
the normal paraffin hydrocarbons in the gaseous state. 


TABLE 1.—Summary of the values for the heats of combustion of the normal paraffin 
hydrocarbons in the gaseous state 


| Heat ! of combustion 
at 25 centigrade 


Cr2H ate (gas) | and a_ constant 
| total pressure of 1 
atmosphere 


K-cs alis pe r bere 
212.7 


SS ae Coe ee . arneo een dient +0. 07 
Se Se i eC ae a gaa igh + : est | 372. 14 -ll 
oS EE Ree SC A eee WER! Pe. ees: 4 530.574 .12 
Normal butane-_........--- ae : Fit 687. 94+ .15 


Normal pentane-_........_--- eae : ¢ ‘ 845. 27+ .21 


Normal hexane-_-_-__- SES. 1, 002,40+ .48 
Normal heptane__-___...__- APTS J 1, 159. 40+ . 56 
|” ESN REES ERE Sera SSAA 1,316. 40+ . 64 
Normal nonane....__....----- 1, 473. 40+ .72 
POOWIOS NOOO. Oe. ns cccea duces : 1, 630.40+ .80 
Normal undecane. .-...........-.-- 1, 787.40+ .&8 
Normal dodecane-- se eon SN f ae 1,944.40+ .96 
Normal pentadecane - LEA TE EOE RES SA el ER Oe eee ere 2, 415. a 
Normal! C,Han+2 (for n>5)- SRS SS RN LE RODE SIERO ee eS ee ee oe 60.40-++n (157.00-4.( 





1 The k-calis used here is a defined unit, and is deitved from the fundamental interns tional kilojoule t y 
means of the factor 1.00040/4.1850. The values are independent of the atomic weight of carbon; 1 mole of 
CnHon+2 is taken as equivalent to (n+1) (18.0156) grams of H20. The values for the first 5 members of the 
series are directly measured ones, the values for the others are calculated. 


It will be noted that the actual heats of combustion of the first 5 
members of the series differ from the values expected from the linear 
relation given by equation 3, by the following amounts: Methane, 
—4.61+0.07; ethane, —1.59+0.11; propane, —0.83+0.12; normal 
butane, —0.46+0.15; normal pentane, —0.13+0.21, k-cal per mole, 
at a constant total pressure of 1 atmosphere and a temperature of 
25 C, 

The writer believes that it is now possible to make the following 
accurate generalization concerning the heats of combustion of all 
organic compounds containing normal alkyl groups of more ral 5 
carbon atoms: 

In any organic molecule containing a normal alkyl group of more than 
5 carbon atoms, the addition of a CH, group to the normal alky] group 
to form the next higher normal alkyl group results in an increase in 
the heat of combustion of the organic molecule in the gaseous state, 
at a temperature of 25 C and a constant total pressure of 1 atmosphere, 
of 157.00 + 0.08 k-cal,; per mole. 
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III. HEATS OF FORMATION FROM THE ELEMENTS 
1. AT 25 CENTIGRADE 


It is conventional, in tabulating thermodynamic data concerning 
the free energies, heats, and entropies of formation of chemical 
compounds, to use as reference or standard states for the elemental 
substances those states in which the elements naturally exist at the 
standard temperature of 25 C. 

Because the synthesis of the hydrocarbon molecules cannot be 
carried out under conditions which permit accurate calorimetric 
measurement, the heats of formation of these substances are com- 
puted most accurately from their heats of combustion. For this 
purpose it is necessary to know the heats of formation of liquid 
water and gaseous carbon dioxide. The standard state usually 
chosen for carbon is that of graphite, but this reference state is a 
somewhat uncertain one because Roth and his coworkers (12) have 
found that the heats of combustion of various graphites differ by 
amounts which are very much greater than the calorimetric errors. 
Roth found that the heats of combustion of various samples of graphite 
naturally grouped themselves more or less closely about two values. 
The samples giving the higher value had much the less spread, and 
Roth chose this as the more definite of the two kinds, labeling it 
8-graphite and the other a-graphite. Another standard state that has 
been proposed for carbon is that of diamond, which, though a perfectly 
definite state, has the apparent disadvantage that it is practically 
inaccessible on account of its cost. However, it may be more desir- 
able to deal with a certain fixed reference state, even though it is 
practically inaccessible, than to select as standard an accessible state 
which is naturally variable and whose position must therefore be 
fixed arbitrarily. For these reasons, the present calculations on the 
heats of formation of the normal paraffin hydrocarbons in the 
gaseous state are made with reference to two standard states for 
carbon, 6-graphite and diamond. 

The heat of formation of liquid water from gaseous hydrogen and 
oxygen has been determired in this laboratory (1): 


H, (gas) + %O, (gas) = H,O (liquid), AH1%Q9.; = — 68.313 40.010 k-cal); 
per mole. (5) 


The best values for the heat of formation of carbon dioxide can be 
determined from the work of Roth and his coworkers (12), who meas- 
ured the heats of combustion of 6-graphite and of diamond at con- 
stant volume in a bomb calorimeter. The precision of their calori- 
metric measurements was about +0.03 percent, but this does not 
represent the uncertainty in the values deduced for the heat of for- 
mation of 1 mole of carbon dioxide, for the following reasons: 

(a) The desired changes in heat content are those for the reactions 


C(6-graphite) + O, (gas) =CQ, (gas) (6) 
and 
C (diamond) + O, (gas) =CQO, (gas) (7) 


at a temperature of 25 C and a constant pressure of 1 atmosphere. 
The heat effect actually measured in the bomb is that for the process 
of burning a mixture of carbon with liquid paraffin in oxygen at an 
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initial pressure of about 30 or 35 atmospheres. From this heat 
effect is subtracted the heat of combustion of the liquid paraffin 
which is determined in separate but similar experiments. As Wash- 
burn (11) has shown, the heat of combustion of carbon as determined 
under the conditions of the bomb process will be quite significantly 
different from the value of — AU (the decrease in internal or intrinsic 
energy) for reactions 6 or 7. Applying Washburn’s equations to the 
data of Roth and Wallasch (12), who, however, do not give as com- 
plete information as is desirable for this purpose, one finds that the 
values of — AU for reactions 6 and 7 at 1 atmosphere are less than the 
observed heats of combustion as measured in the bomb process by 
about 0.10 percent, which is nearly four times the calorimetric 
uncertainty. 

(b) The amount of reaction in the experiments of Roth and his 
coworkers was determined from the mass of carbon placed in the bomb. 
Because of the possible presence of incombustible impurities in the 
sample of carbon the experiment carried out in this manner may result 
in a low heat effect per unit mass of carbon. The uncertainty in this 
regard can be eliminated by determining the amount of reaction from 
the mass of carbon dioxide formed. 

(c) Because the atomic weight of carbon ® is uncertain to about 
0.03 percent, the value deduced for the heat of combustion per mole 
of carbon will be uncertain to the same extent whenever the amount 
of reaction is determined from the mass of carbon. Determination 
of the amount of reaction from the mass of carbon dioxide formed 
reduces the uncertainty in this regard to about + 0.007 percent, if the 
uncertainty in the atomic weight of carbon is + 0.03 percent. 

From the data of Roth and his coworkers (12) the following values 
are obtained for the heats of combustion of carbon at a temperature 
of 18 C and at constant volume in their bomb calorimeter: §-graph- 
ite, 7.856+0.002 and diamond, 7.873+0.005, k-cal,; per gram, 
weighed in air. The densities of these samples of carbon were 2.22 
and 3.50 g per cm%, respectively, and the corresponding factors for 
correcting the observed weights in air to true masses are 1.0004 and 
1.0002. If the atomic weight of carbon is taken as 12.007 + 0.003, 
and the Washburn correction of Q to 1 atmosphere as —0.10+0.03 
percent, then for reactions 6 and 7 one calculates, respectively, 
AH oo. 1 = —94.20+0.08 and —94.42+0.10, k-cal,;; per mole.’ The 
effect of the presence of undetected incombustible impurities in the 
samples of carbon used by Roth and his coworkers would be to raise 
these values by the amount corresponding to the weight percent of 
incombustible impurity. The foregoing value for the heat of forma- 
tion of 1 mole of carbon dioxide from §-graphite and oxygen is to be 
compared with the present accepted value, 94.24, which was obtained 
(14) from Roth’s value by converting his weights in air to true masses 
and using 12.00 as the atomic weight of carbon. 

The existing data on the heat of formation of carbon dioxide may 
therefore be said to be quite unsatisfactory, and an accurate deter- 
mination of this fundamental thermal constant is urgently needed. 
Any new determination of the heat of formation of carbon dioxide 





6 The value for the atomic weight of carbon given in the 1934 report of the International Committee on 
Atomic Weights (13) is 12.00. A large body of evidence has been accumulated which indicates that this 
value is low by about 0.04 to 0.08 percent. Presumably the changing of the old value to a new one has been 
delayed until such time as the uncertainty in the new value becomes significantly less than the difference 
between the present value and what will be the new one. 

’ For reactions 6 and 7 at 1 atmosphere, A/7 differs from AU by 0.003 k-cal per mole. 
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carried out by combustion of carbon in a bomb calorimeter should 
provide (a) for the accurate specification of the conditions of the bomb 
process in order that the Washburn (11) correction may be made 
accurately, and (b) for the accurate determination of the amount of 
the reaction, preferably from the mass of carbon dioxide formed, in 
order to make insignificant the uncertainty in the value of the atomic 
weight of carbon and to eliminate the effect of the possible presence 
of incombustible impurities in the samples of carbon. 

Because the uncertainty in the present value for the heat of forma- 
tion of carbon dioxide is relatively so large, there is no advantage to 
be gained in changing the present accepted value, 94.24, to the value 
deduced above, 94.20+0.08, and, accordingly, for reaction 6, the 
value 

AH xg 1 = — 94.244 0.10 k-cal,; per mole (8) 


is used in this paper. i 
The data of Roth and his coworkers yield for the transition 
C(6-graphite) =C(diamond), AH. ; = 0.22 + 0.07 k-cal,; per mole. (9) 
Hence to be consistent with equation 8 one must use for the reaction 
given by equation 7 
AF x93 , = — 94.46 + 0.10 k-cal,; per mole. (10) 
Combination of equations 5, 6, and 8 with the values for the heats of 
combustion of the normal paraffin hydrocarbons yields for the 
reaction, 
nC (6-graphite) + (n+1)H, (gas) =C,Hony2 (gas), (11) 
AFD 299 1 = Qeo99.1 —2(162.55 + 0.10) — 
(68.313 + 0.010) k-cal,; per mole. (12) 


Here AH’,,; ; is the increase in heat content for the reaction of forming 
the normal gaseous paraffin hydrocarbon from #-graphite and gaseous 
hydrogen, Qc; is the heat evolved in the combustion of the hydro- 
carbon gas at a temperature of 25 C and a constant total pressure of 1 
atmosphere, and n is the number of carbon atoms in the hydrocarbon 
molecule. For n>5 


Ao, = — (7.913 + 0.010) —n(5.55+ 0.13) k-cal,; per mole. (13) 


With diamond as the standard state for carbon the analogous equa- 
tions are: 
nC (diamond) + (n+1)H, (gas) =C,Hons2 (gas), (14) 


AF a5 1 = Qco08.1 a (162.77 = 0.10) ee 
(68.313 + 0.010) k-cal,; per mole; (15) 
and for n>5, 
APP oo, 1 = — (7.913 + 0.010) —n(5.77 + 0.13) k-cal,;, per mole. (16) 


The values computed from these equations are given in table 2. 





ar 
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TABLE 2.—The heats of formation, from the elements, of the gaseous normal paraffin 
hydrocarbons, at 25 centigrade and O Kelvin 



































| 
. ‘ nC (B-graphite) +(n+1)Ho2 (gas) nC (diamond) +(n+1) Ha (gas) 
CrHon+2 (gas) = CnHons2 (gas) | =CaHsn+s (gas) 
| 
AF%x98.1 AH% AH %998.1 | AH% 
K-calis per mole K-calis per mole K-calis per mole | K-calis per mole 
Methane. ............- —18. 070. 12 —16. 18-0. 13 | —18, 29-+0. 12 | —16. 5340. 13 
ae —20. 604: . 23 —16. 99+ . 24 | —21.04+ . 23 | 
3... EPSPS eS —25. 39+ .32 —20. 27+ .34 | —26.05+ .32 | 
Normal butane... -- —30. 57+ . 43 — 23. 938- . 46 | —31. 45- 3 | 
Normal pentane---- -- —35. 79+ . 54 —27.64+ .60 —36. 
Normal hexane--------- —41. 21+ .72 —31.52+ .81 | —42 | 
Normal heptane---.----- —46. 764+ .84 —35. 55+ .97 | —48, 
Normal octane. -------- —52. 31+ .96 —39, 5841.12 | —54. 07 
Normal nonane. - - -----} — 57. 861. 08 | —43, 6111. 26 | —59. ! 
Normal decane-.-.- -----| —63. 41-1. 20 | —47. 641. 40 | —65. 6 : 
Normal undecane- ----.| —68. 96-1. 32 | —51. 67+1. 54 | —71. 38+1. 32 
Normal dodecane- - --_-} —74. 5I+1. 44 | —55. 70+1. - —77.15+1.4 —59, 90-1. 68 
Normal pentadecane- - | 91. 2 +1.8 —67.8 +2.1 | —94.5 +1.8 —73.0 +2.1 
Normal CnHan+2(for>5)|—7 91—n(5.55+0. 12 2) —7. 34—n(4. 03+ +0. 4) )) 7-91 —2(6.77-£0.1 


2)|—7.34—n(4.38+0.14) 





NOTE.— The estimated uncertainties given here represent the absolute error in eac h of the ve pied The 
accuracy of the difference between any two values in a given column is equal to +0.12 An at 25 centigrade 
and to +0.14An at 0 Kelvin. 


2. AT 0 KELVIN 


With the recent development of methods for calculating accurate 
values of thermodynamic quantities from spectroscopic data, it has 
been especially convenient to compute, for a given substance, values 
of the free energy function (F°— E°,)/T, where F° is the free energy of 
the substance at the temperature 7 and E°, (or U%) is the internal 
energy of the substance at the absolute zero (15). Combination of 
the values of this function at any given temperature for all the sub- 
stances participating in a given reaction yields the value of (AF° 
—AE*,)/T. In order to obtain a value for the free energy of the reac- 
tion it is necessary to have values for AE, which in the large majority 
of cases must be obtained from calorimetric data on heats of reaction. 
For this reason there is included here a tabulation of the values of 
AE (or AU%), which is equal to AH, and is the increase in internal 
or intrinsic energy at the absolute zero accompanying the formation 
of the gaseous normal hydrocarbon from its elements, carbon and 
hydrogen, all in their standard states. 

For this calculation there are needed the values of Hs. ;— H°, for 
carbon, hydrogen, and the gaseous hydrocarbons, which are, in k-cal,; 
per mole: C(6- “graphite), 0.251 + 0.006; C(diamonda), 0.125+ 0.013; H, 
(gas), 2.023+0.001; CH, (gas), 2.395+0.001; C A oe (gas) (for 
n>1), 1.445+n (0.754+ n%). 

The values for carbon are taken from Rodebush’s compilation in the 
International Critical Tables (16); that for hv drogen from Giauque 
(15); that for methane from Kassel (17); and those for the normal] 
hydrocarbons above methane from unpublished calculations by 
Kassel (18). 

For the reaction given by equation 11 


AH, = Qeas 1 — (160.28 + 0.10) — (66.290 + 0.010) 
— (Ho93. 15 — H%) [(CaHons2 (gas)] k-cal,; per mole, (17) 


and for n>5 
AH, = — (7.335 + 0.032) —n(4.03 + 0.14) k-cal,; per mole. (18) 
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For the reaction given by equation 14 


— (A x9, 5 — H%) [CaHonse (gas)] k-cal,; per mole, (19) 


and for n>5 
AH, = — (7.335 + 0.032) —n(4.38 + 0.14) k-cal,; per mole (20) 


The values calculated from these equations are given in table 2. 


IV. CHANGE IN HEAT CONTENT FOR THE REACTION: 
nCO (gas)+(n+1) H, (gas) =n/2 O, (gas) +C,Honse (gas) 


From data obtained in this laboratory (1), it is possible to evaluate 
accurately the change in heat content at a temperature of 25 C. for 
the reaction 


nCO (gas) + (n+1) He (gas) =n/2 O, (gas) +C,Honss (gas): (21) 


AH oog 1 = Qeoos.1— (135.936 + 0.032) — (68.313 + 0.010) 
k-cal,; per mole; (22) 
forn>5 
AH ogg 1 = 2(21.06 + 0.09) — (7.9138 + 0.010) k-cal,; per mole. (23) 


In order to evaluate the change in heat content for reaction 21 
at the absolute zero, values of H°29,,—H) are needed for the gaseous 
hydrocarbons, hydrogen, carbon monoxide, and oxygen. The data 
for hydrogen and the hydrocarbons are given in the preceding section; 
the values for carbon monoxide and oxygen, respectively 2.066 + 0.001 
and 2.068+0.001 k-cal,; per mole, are taken from the calculations 
of Johnston and his coworkers (19). 

For the reaction given by equation 21 


AH, = Qe28.1 —n (132.880 + 0.032) — (66.290 + 0.010) 
— (x9. ; — H%) [CaHonse (gas)] k-cal,; per mole; (24) 


and for n>5 
AH, =n(23.37 + 0.11) — (7.335 + 0.032) k-cal,; per mole. (25) 


The values computed from equations 24 and 25 are, respectively, 
in k-cal,, per mole: Methane, 11.22+0.08; ethane, 37.81+0.14; 
propane, 61.93+0.19; normal butane, 85.67 +0.27; normal pentane, 
109.36 + 0.37; normal hexane, 132.88 + 0.57; normal heptane, 156.254 
0.72; normal octane, 179.62+0.86; normal nonane, 202.99+0.99; 
normal decane, 226.36 + 1.10; normal undecane, 249.73 + 1.21; normal 
dodecane, 273.10 + 1.32. 


V. ENERGIES OF THE ATOMIC LINKAGES 


The energy required to dissociate a molecule into its constituent 
atoms is a quantity possessing considerable importance in deter- 
mining the thermodynamic stability of the molecule. The amount 
of this energy of dissociation is a function of the number and kind of 
atoms and the nature of their respective linkages. 

For molecules in which the atomic linkages can be characterized as 
covalent, Pauling (8) has shown that the energy of dissociation of the 
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gaseous molecule into its constituent atoms can, as a first approxi- 
mation, be expressed as the sum of constant terms which are assigned 
to represent the energies of the various atomic linkages in the mole- 
cule. That is to say, 

(Da)°o9= =m, (26) 


where (Da)% is the energy absorbed at the absolute zero in the 
reaction of dissociating the gaseous molecule, in its normal state, into 
its constitutent atoms, each in the normal state, and J; is the value 
assigned to represent the energy of each atomic linkage of the kind 7, 
the number of whichis m. If the atoms at the instant of dissociation 
are not in their normal or ground states, then, as pointed out by 
Mecke (22), there must be added to equation 26 a term for correcting 
the atoms to their normal states. This gives 


(Da)*o4+ =m, — rm, (27 ) 
where £, is the energy, referred to the normal state, of the state of the 
atom at the instant of dissociation, and m, is the number of atoms. 

At the instant of dissociation of the molecule C,Hon,, into its 
constituent atoms, the hydrogen atoms are in their normal 7S state, 
while the carbon atoms are in the tetravalent °S state, which has an 
energy ° of about 35 kilocalories above that of the bivalent normal 
‘P state. If EH, is the difference in energy between the °S and the *P 
states of the carbon atom, and a and 6 are the energies to be assigned 
respectively to the C-H and C-C bonds, then for the molecule 
Cl Lonte 

(Da)§+nE,=(2n+2) a+ (n—1) 6. (28) 


(Da)° is the energy absorbed in the reaction, 
CrHonsye (gas) =nC (gas) + (2n+2) H (gas), (29) 


when all the substances are in the normal state. 

Since the term n£, is linear in n, the postulate of the constancy of 
the bond energies in the paraffin hydrocarbons may be said to be 
substantiated if the value of (Da)?8 is a linear function of n. 

If Doo, Dog, and Dy, are the values for the energy absorbed in the 
reaction of dissociating, at 0 Kelvin, the gaseous molecules, CO, 
O,, and Hg, in their normal states, into their respective gaseous atoms 
each in its normal state, then for the reaction given by equation 29. 


(Da)? = — Qeseg1 +n (132.880 + 0.032) + (66.290 + 0.010) 
+ (A oo8.1 oon H°) [(CrHense (gas)] — 5 Do, + ND 6 7 (n +] Da, 


k-cal,; per mole; (30) 
and for n>5 


f \ ~ ' - OOF oC nr } 
(Da)$ = —n (23.37 + 0.11) + (7.335 + 0.032) — 3 Do2t ND oo 
+(n+1) Dy, k-cal,; per mole. (31) 
' The difference in energy between the 5s state and the 3p state of the carbon atom is known only approxi- 


mately. Pauling (8) uses the value 23, while Heitler and Herzberg (23) estimate 37 kilocalories per mole. 
64003—34——3 
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The value for the energy of dissociation of CO is at the time of this 
writing the subject of much controversial opinion and of some ap- 
parently contradictory facts. The values for the energies of dissocia- 
tion of H, and O, into normal atoms are (20, 21): 


H, (gas) =2 H (gas), AHW$=102.9+0.7 k-cal,; per mole (82) 


O, (gas) =2 O (gas), AH$=117.4+0.7 k-cal,; per mole (33) 


Until an accurate value for the energy of dissociation of CO is 
available no accurate calculation can be made of the energy of dissocia- 
tion of hydrocarbon molecules into gaseous normal carbon and hydro- 
gen atoms. And, further, until an accurate value for the difference in 
energy between the °S and *P states of the carbon atom is available no 
accurate calculation can be made of the absolute values of the energies 
of the C-H and C-C linkages. 

However, it is possible to deduce from equations 28, 30, and 31 
certain relations concerning the energies of the atomic linkages in the 
normal paraffin hydrocarbons, because the values of the energies of 
dissociation of CO, O., and He, and the value of #,, enter linearly into 
the evaluation of Smili, and their absolute values are not required in 
testing the constancy of the bond energies from one molecule to 
another. 

In the first place it is readily evident that the relation expressed by 
equation 28 is not true for values of n less than 6, but is true for values 
of n greater than 5. If (Da)® is the actual energy absorbed by the 
dissociation of normal C,Ho,,. (gas) into gaseous normal carbon and 
hydrogen atoms, and (2n+2) a+(n—1) 6—nE, is the value calcu- 
lated by assuming constant values for a and b, the energies of the 

C-Hfand C-C bonds, respectively, then one obtains the following 
ae for A, the deviation of (Da)$ from linearity with n: 


ee pi A=(Da)e—[(2n+2)a+ 
Normal C,Han+2 (gas) (n—1)b—nEx] 


K-cal per | K-cal per 


| mole | carbon atom 
Methane. . ee : cad ..| 4,81+0. 08 | 4. 81-0. 08 
Ethane 1. 592-0. 14 0. 80-0. 07 
Propane-- 0. 83 + . 19 | 0. 28-40. 06 
Normal butane. 0. 462-0. 27 | 0. 120. 07 
Normal pe m9 ne__.. : - ! 0. 133 0. 37 | 0.03+0.07 
Normal C, 2o(n>5)- r : dchieabukheatdvs buuisin babe <cebeee 0. 00+0. 1ln | 0. 00-0. 11 





These values are plotted in figure 2. 

From the above facts one can say that, within the accuracy of 
the present experimental data, the energy of dissociation of normal 
C,Hony2 (gas) into gaseous carbon and hydrogen atoms is not a 
linear function of n below, but is a linear function of n above, n=6. 

If the energies of all the C—H and all the C—C linkages are assumed 
to be respectively equivalent throughout a given molecule then one 
must conclude that, below n=6, the strength of one or the other or 
both linkages increases with decreasing n. 

But a better explanation may be in the distinction between various 
kinds of C—H and of C—C bonds in the normal paraffin hydrocarbon. 
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For example, one can distinguish three kinds of C—H linkages, ap, 
d,, and da, in the normal paraffin molecule 


H 


X—C--Y. 


| 
H 


dy is the C—H bond when X = Y =H, 
a, is the C—H bond when*® X=H and Y=R, and 
dy is the C—H bond when X= Y=R. 
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NUMBER OF CARBON ATOMS 
FicurRE 2.—Deviations from linearity with the number of carbon atoms of the energy 
of dissociation of the normal paraffin hydrocarbon molecule into atoms. 


The scale of ordinates gives A, the deviation from linearity in the relation between n and the energy of 
dissociation, at the absolute zero, of normal C,Hon+2 into gaseous carbon and hydrogen atoms, in k-cal 
per carbon atom. The scale of abscissae gives the number of carbon atoms in the molecule. 


Similarly one can distinguish three kinds of C—-C bonds, bo, b,, and be, 
in the normal paraffin molecule 


H 
| 
t~-4)~£)...¥., 
H H 


by is the C-C bond when X= Y= H, 
b, is the C-C bond when X = H and 
b, is the C-C bond when X= Y = R. 


* R represents a normal alky] radical. 


’=R, and 
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On this basis the energies of the atomic linkages in the various mole- 
cules can be represented as follows: 


LN Tae Tes, OL Le A ee RO PS SE ERE cae, Sieh Be 4ap. 

NERS ee Se ete, Penick Lai ete kook i ee 6a;+ do. 

I eis aos ER Nnor rn Rite ts 6a; +2a2+ 2b). 

ee eS ee ee se ee 6a; + 4a,+2b;+ bo. 
Og es a eee sees eRe a) 6a; + 6a2+2b;+ 2b». 
| Se lt a, 5 ae ae 6a;+2(n—2)a.+2b;+ (n—3) bo. 


And the difference between successive members becomes constant and 
equal to 2a,+ 6, when n is greater than 3. This approximates what 
the experimental data indicate. In a more exact sense, however, one 
would need to take cognizance of the kind of atoms which are attached 
to the carbon atoms once removed from the bond, that is, to distin- 
guish between various normal alky! radicals represented by R in the 
above notation. 

Differentiation of the various C-—H linkages is not new. From 
measurements of the infrared absorption spectra of liquid paraffin 
hydrocarbons, Brackett (24) deduced that the binding force of a “‘pri- 
mary ’”’ C—H linkage (a, above) is greater than that of a “secondary” 
C-—H linkage (a. above) by about 3.2 percent and greater than that 
of a ‘‘tertiary’’ C—H linkage (a; in the above notation) by about 5.6 
percent. By means of calculations involving potential energies, 
Eyring (26) has computed that a C-H bond in methane becomes pro- 
gressively weaker as the other hydrogen atoms are replaced by methy] 
groups. In our notation, Eyring found that the successive differ- 
ences between do, @;, a2, and a3 were about 3.1 kilocalories. 

If the bonds at the ends of the normal paraffin molecule are con- 
sidered, as indicated above, to be different from the other bonds, then 
the addition of 1 carbon atom and 2 hydrogen atoms to C,H2n+2 cor- 
responds to the creation, at or near the middle of the molecule, of 1 
C—C bond and 2 C-H bonds. And since the experimental data indi- 
cate that the energy of this process is constant for values of n greater 
than 5, one can conclude that, within the accuracy of the data, there 
is no interaction, with regard to energy between C, H groups that are 
separated by 2 or more carbon atoms. In other words, the methy] 
group at the end of the chain of carbon atoms has a sphere of influence 
that includes the C, H group twice removed from it. 

For the reaction of adding 1 carbon and 2 hydrogen atoms to any 
normal paraffin hydrocarbon above pentane to form the next higher 
normal paraffin hydrocarbon one finds from equation 31 that, when 
n>5, for the reaction, 


C (gas) + 2H (gas) + CrHon+2 (gas) _ Casi Honss (gas), (34) 
the energy evolved at 0 degree K is 
— AH§ = (— 23.37 + 0.11) —1/2 Do,+ Doo+ Dug k-calis per mole. (35) 
Substituting the values for D,, and D,, from equations 32 and 33 
gives 
— AH® = (20.8+0.9)+ Deo k-cal;; per mole. (36) 
When corrected for the energy of excitation of the carbon atom from 
the normal *P state to the °S state, the values given by equations 35 


and 36 may be said to represent the energy associated with 1 C—C and 
2 C-H linkages at or near the middle of any gaseous normal paraffin 
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hydrocarbon molecule above pentane. Then using the notation 
already defined. 


2a2 + b, = (20.8+ 0.9) + Doot+ E, k-cal,;; per mole. (37) 


And any assignment of values for D.o, for the energy of excitation of 
the carbon atom to the °S state, and for a, and bo, the energies of the 
C-C and C-H bonds formed in reaction given by equation 34, must 
satisfy the relation expressed by equation 37. In general, any assign- 
ment of values must satisfy the relation 


Ym, = (110.2 + 0.7) + n(20.8 40.9) +n(Doot+ E.)+A k-cal;; per mole. 
(38) 
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THERMAL EXPANSION OF ARTIFICIAL GRAPHITE AND 
CARBON 


By Peter Hidnert 


ABSTRACT 


The linear thermal expansion of longitudinal sections cut from 14, 3, 1%, and 
1 inch artificial graphite electrodes and of transverse sections cut from 14 and 3 
inch electrodes, were investigated at various temperatures between 20 and 1,000 C. 
A comparison of the average expansion curves of the longitudinal and transverse 
sections is shown in figure 3, and the ranges of the coefficients of expansion for 
various temperature ranges are given in table 4. The coefficients of expansion 
of the transverse sections are larger than the coefficients of expansion of the longi- 
tudinal sections. For example, for the range from 20 to 1,000 C, the linear 
expansion of the transverse sections cut from 3-inch graphite is about 110 percent 
greater than the expansion of the longitudinal sections cut from 3-inch graphite 
electrodes. Other conclusions are listed in section V of this paper. 

The linear thermal expansion of two types of carbon which are used for expan- 
sion elements in temperature regulators for domestic gas ovens, were investigated 
at various temperatures between 20 and 350 C. The coefficients of expansion 
of carbon made with lampblack are about three times as large as the coefficients 
of carbon made with petroleum coke. 
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I. INTRODUCTION 


During the past few years there has been a demand for data on the 
thermal expansion of artificial graphite at elevated temperatures for 
the following purposes: 

1. To calculate the volumes of graphite crucibles used in determin- 
ing the specific volumes of molten metals and alloys. 

2. For a reference standard in the determination of the thermal 
expansion of refractory materials. During the past few years, 
expansion data to 600 C by Hidnert and Sweeney ' have been extra- 
polated and used for these purposes. 





! Hidnert and Sweeney B.S. Technologic Paper 335. 
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In 1927 Hidnert and Sweeney published in B.S. Technologic Paper 
335 a table of data on the thermal expansion of graphite (natural ? 
and artificial) and of other forms of carbon by Fizeau, iivacke, 
Dewar, Day and Sosman, and Sieglerschmidt. Available data by 
other observers are given in table 1 


TABLE 1.—Expansion data by previous observers on graphite and other forms of 
carbon @ 


Coeffi- 
cient of 
Tempera- | linear 





: ture or expan- 
Observer Date Material tempera- ba ae Remarks 
ture range | degree 
centi- 
grade 
wey X10- 
{ 20 0. 85 
Fizeau ° 1865 | Diamond- | rod ae 
50 1, 29 
Fizeau ¢ 1866 do 40 1.18 | Same diamond as used by Fizeau in 
1865. 
13-614 6.66 | Experiment 1 
14-645 6.6 Experiment 2 
300 4 Ps , \ Experiment 3 
Monckman ¢.___| 1888 | Carbon ‘ ae ae 
15-143 4.5 
rr Gh 
nde 14, 0 Experiment 4. 
282-602 9 
At a temperature of 850 C the diamond 
0-400 | 62.8 began to burn rapidly. Its surface 
| [ 400-580 | £4.4 soon became stepped in a manner 
Joly « 1898 | Diamond ‘ 580-626 188 characteristic of certain crystals. 
| 626-750 | 7 . Once commenced, the combustion 
ISO ¢ J) 11.4 : — 
continued till the oven was cooled 
down to about 712 C. 

Stewart ¢ 1908 | Carbon in the form : The result obtained shows the coeffi- 
of films made of cient of carbon in the form of lamp- 
commerciallamp- black to be about 0.0002, which is 
black and a lac- from 10 to 30 times that of the pure 
quer called metals. 

“zapon L’”’ 
Electrodes: 
Coal : 220-1, 820 11.0 

National Car- | 491) Coke 180-1,920 | 7.2 

bon Co.* : Graphite 440-1,720 | 10 
Arc carbon of lamp- 25-1, 000 6.0 

black 

-188 to—79 0. 18 
—79to 0 . 58 
Rontgen * 1912 | Diamond 4 0 to+23 .97 
| +23t0 55 1.17 
55to 78 1, 45 


* For data by other observers (Fizeau, Muraoka, Dewar, Day and Sosman, and Sieglerschmidt), see 
Hidnert and Sweeney, B.S. Technologic Paper 335, table 1. 

> Fizeau, Comptes Rendus, vol. 60, p. 1161, 1865. 

¢ Fizeau, Comptes Rendus, vol. 62, pp. 1101, 1133, 1866. 

4 Monckman, Proc. Royal Society of London, vol. 44, p. 220, 1888. 

¢ Joly, Scientific Trans. Royal Dublin Society, vol. 6 (series 2), p. 283, 1898. 

f Computed by Hidnert in 1934 from expansion data given by Joly. 

¢ Stewart, Physical Review, vol. 26, p. 333, 1908. 

h See Chaney, International Critical Tables, vol. 2, p. 303, 1927. 

* Rontgen, Sitzungsberichte der mathematisch- phy sikalischen Klasse der K. B. Akademie der Wis- 
senschaften zu Miinchen, vol. 42, p. 381, 1912. 


? For graphite from Batongol, Fizeau (Comptes Rendus, vol. 68, p. 1125, 1869) reported 7.86 10~ for the 
coefficient of linear expansion at 40 C, and for graphite from C eins, Dewar (Proc. Roy. Soc. London, 
vol. 7, p. 237, 1902) obtained 73.3X10-6 for the average coefficient of cubical expansion between —186 and 
+17 








he 
n, 
ad 











Hidnert] Thermal Expansion of Graphite and Carbon 39 


In the present investigation, thermal expansion measurements were 
made on longitudinal and transverse sections of artificial graphite at 
various temperatures between 20 and 1,000 C. A neutral atmosphere 
was used in order to prevent oxidation of the graphite samples at 
elevated temperatures. Two other types of carbon which are of im- 
portance from the standpoint of expansion, were included in this 
investigation. 

The author expresses his appreciation to H. D. Batchelor of the 
National Carbon Co., Cleveland, Ohio, and M. S. May of the Speer 
Carbon Co., Saint Marys, Pa., for their cooperation in this investiga- 
tion. Acknowledgment is also due to the following members of the 
staff of the National Bureau of Standards: H. W. Bearce, W. Souder, 
and C. G. Peters, for valuable suggestions; to H. S. Krider for as- 
sistance during the measurements; and to S. Alpher for aid in the 
preparation of the figures. 


II. MATERIALS INVESTIGATED 


The following materials were investigated: (1) artificial graphite, 
longitudinal and transverse sections; and (2) carbon. A description 
of these materials is given in tables 2, 3, and 5. Information about 
the preparation of 14-inch artificial graphite electrode, chemical 
composition and density, have been published ® in 1927. 

In 1927, Chaney* stated ‘‘Manufactured carbon articles in the 
form of rods, plates, blocks, tubes, etc., in a wide variety of shapes are 
made by molding or extruding specially prepared mixtures of pulver- 
ized carbon ‘flours’ with binding materials of tar or pitch, and subse- 
quently carbonizing the binder at high temperatures. The resulting 
products always consist of a porous mass of carbon particles knit 
together by the residual carbon resulting from the decomposition of 
the binding materials. Because of the variations inherent in all 
manufacturing processes the physical properties of commercial 
carbons are subject to characteristic variations, the allowable range 
of which is determined by the service and cost requirements of the 
consumer. A high degree of precision in the individual determinations 
is therefore valueless, the typical range of variation being alone 
significant. Individual values where given must be regarded merely 
as representative.” 

Mantell® in 1928 described the manufacture and uses of graphite 
and other forms of carbon. He stated that ‘‘The particular field of 
graphite is that of electrolytic work, where its low resistance and long 
life are very important. Graphite electrodes are extensively used in 
the electrolytic production of chlorine and caustic, the chlorination of 
gold ores, the recovery of copper, nickel, and zinc, the production of 
hypochlorites and many other similar applications.” In a later 
publication, Mantell® stated that ‘‘carbon has shown its suitability 
in equipment employed in five different fields: (1) Acid manufacture, 
(2) papermaking, (3) the electrochemical industries, (4) combustion 
equipment, and (5) machinery operating under corrosive conditions.”’ 





3 See footnote 1. 
‘Chaney, Commercial Carbons for Electrical Uses, International Critical Tables, vol. 2, p. 303, 1927. 
Mantell, Industrial Carbon, Industrial Chemical Monographs, D. Van Nostrand & Co., Inc., 1928. 
‘Mantell, Industrial and Engineering Chemistry, vol. 24, p. 1255, 1932. 
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III. APPARATUS 


Figure 1 of B.S. Scientific Paper 524 shows part of the apparatus 
used in the investigation. The samples of artificial graphite were 
investigated at various temperatures between 20 and 1,000 C in the 
white furnace shown at the left end of the figure. The same furnace 
was used for the samples of carbon which were investigated at various 
temperatures between 20 and 350 C. Micrometer microscopes were 
sighted on fine wires suspended from the ends of the sample. The 
samples of graphite were mounted in the furnace as illustrated in 
figure 5 of the paper mentioned, but the samples of carbon were 
mounted as shown in figure 4 of the same paper. Each sample was 
300 mm long. 

Since graphite oxidizes in air at about 640 C, it was necessary to 
use a neutral atmosphere in the furnace at elevated temperatures. 
The neutral atmosphere consisted of a mixture of nitrogen and hydro- 
gen gas (about 5 percent hydrogen). A combination reducing valve 
and flow meter was attached to the cylinder containing the mixture of 
nitrogen and hydrogen gas. The large gage indicated the pressure 
(pounds per square inch) of the gas in the cylinder and the small gage 
indicated the flow (liters per minute) of the gas from the cylinder. 
The gas was passed through copper gauze contained in a long copper 
tube supported horizontally in a tube furnace heated electrically to 
about 700 C, in order to remove oxygen. The hot gas was cooled 
by passing it through a copper coil surrounded by flowing water. The 
cooled gas was then passed through bottles or drying tubes containing 
calcium chloride and magnesium perchlorate trihydrate, in order to 
remove moisture. The dry gas was passed through another flow meter 
and finally into the furnace at both ends. The reducing valve was 
adjusted so that the gas flowed at a rate of about 5 liters per minute. 
The gas was allowed to flow into the furnace containing the graphite 
sample, during the time the sample was heated from 400 to 1,000 C 
and cooled to 600 C or less. 

The samples of carbon were not heated in a neutral atmosphere, 
for measurements were only made to 350 C. 


IV. RESULTS 


The results obtained on artificial graphite and carbon are given in 
~ > g 
subsections 1 and 2, respectively. 


1. ARTIFICIAL GRAPHITE 


The linear thermal expansion of longitudinal sections cut from 14-, 
3-, 1%-, and l-inch graphite electrodes and of transverse sections cut 
from 14- and 3-inch graphite electrodes, were investigated at various 
temperatures between 20 and 1,000 C. The results obtained on the 
longitudinal sections are given in figure 1 and in table 2, and the 
results on the transverse sections in figure 2 and table 3. 
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Figure 1.—Linear thermal expansion of longitudinal sections cut from 14-, 3-, 1\%-, 


and 1-inch diameter artificial graphite electrodes. 


Notr.—A tagged symbol indicates more than one observation. 
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Figure 2.—Linear thermal expansion of transverse sections cut from 14- and 3-inch 
diameter artificial graphite electrodes. 


(Expansion curves for first and second tests of sample 1184 have been given in B.S. Technologic 
Paper 335.) 
Note.—The tagged symbol indicates more than one observation. 





43 


if Graphite and Carbon 


von O 


Thermal Expans 


Hidnert] 


Ul 01N{v19d 119} SUT}BIOdO UINMITXVUL OY,L 
WOISIGAUOD OY} 1OJ Pedoleasp S19YI}00I DIV AINIIOUI BZIB[ UI SepoUs sv pesy 
Apqyied poursoj ‘ynoysno1y4 oy1qWdvis [wlogijie Jo pesodm0y 


eures Aq ‘splepueis JO neoing [BUOTJeEN 


“(MUL OLX FI 


X 


(e) 


qUIdLI 


SuT[000 
pue ur 
-yeey 19qJeB 
q13u9{ Ut | 
1 eduByd | 





the Ht Rt HOMO 
NANA AN A od Ci 








O 006 
04 02 





(Om MMe 
NAaaaa 


O) 
N 


O 008 
04 02 


I ‘A ISIT e[dures Jo pus ‘JeJoUIeIp UU Zz 








N oy} JO Jaye ° 


c% 


9-O1X 


O 002 
04 02 





sseooid woIsni}xe yoy Aq epeRyy 


‘9 00¢'z AjeieurTxoidde 04 pexvd 
“ZE61 Ul’ 


‘ed * 


(‘or 9JOUZOO} Ul POUOTJUIU 4VY4 UIOI oyVp JUsIEyIG ) 














a4 
12 Lavanya 
2% 0% 
SOM (ane cer 
Zee 
a oe 
| a, Rees 
oe ore 
ae oo 
so fin ae 
4 es peters 
ies aera te 
z% aes 
£% ; 
L% c@ 
4% 
Z% : 
9% i 
L% c% 
eS 6 i 
9-OIX | o-OIX 
| 
9.009 | 0 00¢ 
030% | 0302 





et et et rt 








IN AAA 


O 00% 
04 02 





epB1Z1}U90 esIZep Jed UOIsuUBdXe JO Ss}UBIDYe0o 





ajrydvb yoryyan fo suoroas pourpnyrbuo) fo uo_suvdxa fo sjzuarayf{a09 


“q AQ pouluriejep ‘,ur10/3 gzg"{T Aqisued 


‘(9zz ‘d ‘ogg sedeg o1Z0;ouYde,], 





O 092 JO pooysOgYys10U OY} UI Oq 03 POOJsJEpUN SI SIOYIWOOI 
*poimbel st onpoid oy1qdei3 [eloyiq1e SU01}s A[[VNSNUN UL 9IOT A SUOTTBOT[dde Jey4O Ul PUB BOTAIOS AVA[IVI IO} JUGLING 4OOIIP 0} JUTZVUIOR[B JO 


*[BIIOJVUT SUIPUO oY} SB ZUTJOB OH00 GOI 9} JO UOTIBzI}1YdB3 OY4 AQ 


sAIBP Teg “OO UOGIeD Jwedg Aq por ITUIqns (ORE epess) OFTYdBI_) gy 
“MOT{BIOdIOD ayiyde I) a Vv WOlj peseyoind epoljoe[e oyIyde1s4y 4; 


g 


rode d1dojouygs 28.L ‘Sa ‘ 





Z 8[GBI JO fF 930400} UI peqtiosep sv poyjeur 


uoTWes0d10_ oytIGdeI4y) UOSeYyoY wo) O€6I Ul poseyoInd eposjzdeje oI;YdBIE) oF 
‘SE6I Ul AN ‘SI[Bq BIBSBIN' ‘UOT}VIOdIOH oyYdeI UOseyoY Aq pozTUIGNs ‘A[JUG0I PEINJOVJNULUT OPOI40E[O OTIYABIL 5 
“) 000‘T MOTO eXOIqG (SO - Iq) SOITM WOTBAIOSGO ¢ 


‘x Z8I1 o[dures jo pue ‘uur [Z ‘Xx ZRII B[duies Jo WOI}D0s SsOlD ‘UTM Eg JOJOUIIP ‘efoITOTUIES ‘e[duIes [eu 





[10 JO UOTIDES SSOID) 480} JSIY 10}JV ZETT e[dures 


Woy INO , 


“BUTTON 9 


‘)) 008 INO" 4B OHOIG (JT — 1d) OITA WOTFBAIOSGO ¢ 


"oge Jodeg d1Z0jouyoe,,, “s'q 


"(UII OT 


‘X ISIT e[dures JO WOT40es SsOlO ‘UIT Eg 1OJOUIVIP ‘B[OIJOTUIES ‘O[dUIBS [BUISIIO JO WOT}OES SSOIO) 4890} SIG 107JB IST] 9[dures a10Ij IND » 
Sq ‘AeueemMg puB JIOUPIFZ) JUGdIEd Z10'O WRYI SSE’'T ¢ 
‘AausoMS pus JIOUpPIFA Aq BIBC 


"413ue] Ul esve1ep B UZIS (—) sNUTUI 94} PUB 4IZUD] Ul esvolOU UB SeRBOIpUT UBS (+) snyd oy + 








@IVIOAY 


cl | ot 
me! 60 
ie | v'T 
i! 60 
ie | rT 
ST OT 
i a4 
60 9° 
IT 6°0 
ZT ae Ey 
ss ee aes 
| aie eee 
rT €'T 
Da. wee 7 
eens 
6'T 8'T 
LT 9°T 
ES, \peciatnal on 
1% (ar 
0% 6'T 
0% 6'T 
o-OIX | 9-OIX 
0 002 | 0 00T 
04 02 04 02 








10q 
-winu 
4SO.L 





|~"-@pO1499[9 941Gdev1is YOUT-h] UIOI] JNdD UWOTWOeS [VUIPNZU0'T 


uaordroseq 


sbnuaapy —Z% AIAV I, 


orn 


a SI | 





yas +X I8il 
“|... 0 er 


~"""g 'V O8IT 


ejdureg 














Journal of Research of the National Bureau of Standards  {vot. 1s 


4-4 
































ini A digic | 


i 


So 


O 002 
04 02 








| | 
oe. Few ze Cee Be eae 
100 \ 'S pibeatiehen x. F. Pe ee ee | 83°F 
=e “| (or) pee ks cro ee 4 | o'F 
Cees, ae Ee ee | (s) Pt a Sr 
ay | as. 4 Uh Soe eet ee pene 5% 
‘ : £8 9°€ 2: £'¢ its ‘Peo 1 ts 
620 + {| 6 ithe: + Ci weteeee 128 ickeeey fy 
seit a ackciels ot eee Be cma: ts Oe “| 8's 
Ss JS Ce, : 8 Real wees ;2°¢ | 9°€ ibs 
en - Gaeeeaces aca <giere A aoe ein ‘Saee unig Ca; 
oe gers ase Samer oeeon wean Le. 
qU90L9T 9-O1X -OTX | oOlLX | +OlIX 9-OIX | o-OIX 9-O1X 
|——_|_|_ | 
| 
Zuj00o | 0 000‘T | 0006 | 0008 | 0002 | 0 009 | 000 | 000% | 0 008 
pus Zur 0} 02 03 02 03 02 03 02 03 02 | 01 02 04 02 03 02 
-780q 103j8 
q33ue] Ut 
1 esuByO epe1sIjUe0 SelZep Jed UOoIsUBdxKe JO SJUsIOYJe00 esBIDAY 








tt NO Et ROR et 
a 


2 


an 








| aaa age sa “-"""-QOpT o[dmes Jo ayvoltdng 
a “-""-(% 89GB) 6SP1 [dures sv OpoOlqoe[e oyIYdeis You! | 
{| -g eures WO 4Md g SUOT}O@S BSIBASTBIY Z JO pasodul0d poys 
= — ene a oe 7 ee —_— 
|--""""@pO1J99[9 OFIGAv1IS YOUI-f] UOJ] IND WOTJOOS OSIOASUBLY, 
ee Sociandiiel = 
word 110seq 


ejduisg 








apydnib yorwyyin fo suorsas asuaasun.) fo uorsundaza fo syuaraiyfa00 abpiaapy—g GIAV I], 


‘ZEEI G1OJOq ‘MOT}BIOdIOD eI1YdBIy UOSeyOY WI0I] peseyoind eporjoeje oy) 5; 
‘ZEGI Ul ‘UO1ZBIOdI0D e}IYdBiy) UOSEYDY WOIJ pesByoind epo1zOe[e OFIGABIF) ey 
“BUI[OOD 9 
"q}3u9[ Ul esvel0ep B UZIs (—) SNUIUI 9} PUB Y4AZUO| UI osveIOUT UB SeyBo[pUl UIs (-+-) snid ey, 1 








a 1% 
910 oz | 
quarsag | 9-O1IX | 
Surjooo | 9 000'r | 


puw 3ur 
-48oy 191) 
qiZu9[ Ut 
,esuByO 


0} 02 














| | 
ee : be 
ey eee re 
> Se eee: & a 
ot {st ‘ | 
et. 29% | 21 
0% 9°T Pi) hee coe od 
ee: | S'T ee ee | : 
-OIX | o-OIX | oOIX | o-O1X | o-O1X -OIX | 
| . See ee _—— | 
| 
9.006 | 0.008 | 0.002 | 0 009 | 0 008 2 008 | 
0302 | 9102 | 0302 | 9102 | 0202 03 02 | 


epvisIjue0 selZep Jod UOIsuUBdxd JO sJUSIOYJe00 eseIVAY 


ponuryuo, 


‘SoOoSeeoo 


O'T 


O 002 
03 0% 





(Dire r& 


aprydvib yoryyan fo suoroas youripnyibuo) fo 





IN MAN 
© 


i> 
< 


10q 
-uimu 
480], 





~---gpo0lj09[9 941GdB1s YOUI-[ UOJ) IND WOI4OeS [VUIPNyIZU07T 


sore pt 96FT 


pig Mieco, e1 S6FT 





uoTjd110seq] 





ejdursg 





uoundaxa fo syuaiayfa09 abviaay—'Z% WIAV I], 





ue) 
= 


of Graphite and Carbon 


von O 


Thermal Expans 


Hidnert] 





SI} UO pouTe}qgo ByeBp UOIsuUBdxe OY} IVY} PIdol[eq ST 3] 


8 ZI 1 ‘el 
ZZl | 9 I 
II a4 
9°1T 6'1I 
Ltt | £11 
£01 | I'll 
-OIXF OL | o-O1X2 01 


Lzei ojdurvg |g 2zF1 ojdureg 


epvisijz ued 
eeizep sed uolsuBdxe 
JO SyUIOYseOD OABIOA WV 


:peUle}qo 919M WOISUBAXd JO S}UGTOYJI0O SULMOT[OJ 9YL 


"194 3030} POMIOS 919M SMOT}IGS OSOY,L 


esubl dINjeleduia, yj, 


(92% “d 


“YIZUV] UI ssveIDEp B t 











“2 000‘T 98 OHOIG (YA - Iq) ALM WOTBAISGO or 


‘2 008 18 401g (YY - Iq) O1TM UOTPBAIOSGO 


006 9} 02 

“008 01 02 
~~"~"0O0L 94 02 
~~~" "009 93 02 
OOF OF 02 
O0O€ 03 02 
002 93 02 








“BUI[O0O HO “dD 006 38 SYOIG (YY - 4d) OM UOIBAIESgO 
*(Z 91481) SRI O[durIeS SB apOI}OV[9 OUIVS TOI yND 
*BUI[OOD 

*O 006 MOTEG OROIG (YY - 3d) OITA WONWAIEsSqO 


redvg o1Z0jouyoey, "gg ‘Aeusemg puB JIeUpT}{) JUusdIJed Z10'O Wey sse’T 
‘egg rodvg o1s0jouyoe, “sg ‘Aousemg pus jioupIyA Aq BIeg 


S(—) SI 





ll 944 PUB YIZUY] UT BVSvOIOU! UB SeyvoTpUT UZISs (+) snid eq. 


6 


‘eo01d O[ZUIS B UI (ZZpT) AO[[B e7vOITdNp B UO peUTeiqo Sz[NsSe1 YIM ATTIOZ 
-OBJSIJVS P9IIZ¥ ‘IOUUBUL I[IUIIS B UI JaY}0304 pemoios PUB PEeUIYovuI suOT}I—eS 2 JO pesodmod (q LZp1) AO[[B UINUIOIYO-UOIT UB UO SUOT}BVUTUIIEJep UOTsuUBdxe 10} ‘a, quI[eI e118 o[durEs 
‘peddv} puv pel[lup pue 10430 94} pus ‘pepvelYZ SUM TOT}OaS GORE JO pus 9H 


8 


i 


9 


9 
' 
£ 
4 
I 








46 Journal of Research of the National Bureau of Standards {vol. 1s 


Some of the tests could not be carried to 1,000 C, for one or both 
observation wires broke before this temperature was reached. Plat- 
inum-osmium (6 percent osmium), platinum-iridium (20 percent 
iridium), and platinum-rhodium (20 percent rhodium) wires, 0.002- 
inch diameter, were tried. None of these wires gave entire satisfac- 
tion. The platinum-rhodium (20 percent rhodium) wire was found 
to give the best results under the conditions of the test which required 
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FiguRE 3.—Comparison of average expansion curves of longitudinal and transverse 
sections of artificial graphite electrodes. 


that each observation wire should sustain a load of about 15 grams 
at temperatures up to 1,000 C in an atmosphere consisting of nitrogen 
and hydrogen. 

From the coefficients of expansion in tables 2 and 3, average expan- 
sion curves shown in figure 3 were derived for the various longitudinal 
and transverse sections of graphite. A comparison of the range of 
coefficients of expansion of the longitudinal and transverse sections is 


given in table 4. 
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TABLE 4.—Comparison of average coefficients of expansion of longitudinal and 
transverse sections of artificial graphite 





Average coefficients of expansion per degree centigrade 


| 
| 
| 
| 
| 





Material i a al Re ae 8s ERE aes 
20 to 100 C 20 to 200 C | 20to 300C | 20 to 400 C 
| } 
az: TE eet. aA eee ait? 9 Tas -_ | | | 
Longitudinal sections: X 10-4} 10-6 x10-% X10-6 
Cut from 14-inch electrode___.__________| 1.3 to{2.2(7) 1.2to2.1(11) | 1.5to2.3(11) | 1.6 to 2. 4(12) 
Cut from 3-inch electrode - - __........| 0.6 to 1.4(6) | 0.9 to 1. 5(6) l.1to1.7(6) | 1.3to1.9(6) 
Cut from 14-inch electrode.._.-...._.-.| 6.9 to 1.5(3) | 1.3t01.5(3) | 1.5to1.7(3) 1.7 to 1. 9(3) 
Cut from 1-inch electrode. . eee rigs: Tee eS | 0. 9 to 1. 0(6) 1. 1 to 1. 2(6) 1.3 to 1. 5(7) 
Transverse sections: } : 
Cut from 14-inch electrode... __..-.-.| 2.2 to 3.1(7) | 2.5to03.2(7) | 2.8 to3. 4(6) 2. 9 to 3. 6(7) 
7 4.2 to 4. 6(4) 4.4 to 4. 8(4) 


Cut from 3-inch electrode_._....---_..-.| 3.7 to 4.3(4) | 4.0 to 4. 4(3) 











Average coefficients of expansion per degree 











centigrade 
Material 
| 
20 to 500 C 20to600C | Wto700C 
oe : , : in Su : } 
Longitudinal sections: | X10-6 | X10-6 

Cut from 14-inch electrode._-_...-.....---.---------- 2.5 to 2. 6(3) | 1.9 to 2.7(10)} 2.0 to 2. 8(4) 
Cut from 3-inch electrode_---__- Ee, Ser -.---| 1.5t02.3(6) | 1.7 to 2.2(3) 
Cut from 1}4-inch electrode-_-_-----..-...----------- 2. 0(2) 2.1 to 2. 2(3) | 2.3(1) 
Cus trom Bam aeeetroas... . .:. =~... -.6224..-05.5-22 1. 5(2) 1, 4 to 1. 7(6) 1.6 to 2. 0(4) 

Transverse sections: } 
Cut from 14-inch electrode._-...-...--.-------- =e 3.6(1) 3.1 to 3.7(5) | 3. 3(1) 
= ) 4.9(1) 


Cut from 3-inch electrode_...........---------- - oak ..-| 4.6 to 5.1(4 








bean . . 
| Average coefficients of expansion per degree 
centigrade 











Material EAE ED TE oer ee 9 EAE tS Be ake te 
20 to 800 C 20 to 900 C 20 to 1,000 C 
Longitudinal sections: 10-6 x10-8 X 10-6 
Cut from 14-inch electrode._-_..........------.------ 2.3 to 2.7(5) | 2.3 to 3.1(4) 2. 4 to 2. 9(7) 
Out om Sion elesrode......<......----.<-2n0.-- 1.8 to 2.7(6) | 2.0 to 2. 5(3) 2.1 to 3. 1(6) 
Cut from 14-inch electrode___.......----------- ath) Feels pls * Dag) Blea a ts - 
Ce OR 5 Oe NG ni ncn ccecaseuens 1.8 to 2.0(4) | 2.0 to 2.1(2) | 1.9 to 2.3(4) 
Transverse sections: | | 
Cut from 14-inch electrode.._...-.....------------- 3. 4 to 3. 8(4) 3.6(1) | 3.7 to 3. 9(3) 
Cut from 3-inch electrode.............--------------]| 5.1 to 5.3(3) | 5. 3(1) 5. 4(2) 
| 








Note.—The number in the parenthesis following each range of coefficients of expansion, indicates the 
number of determinations. 


The following general conclusions may be drawn from an examina- 
tion of the data: 

1. The coefficients of expansion of the longitudinal and transverse 
sections of graphite increase with temperature. 

2. The coefficients of expansion of the transverse sections are 
larger than the coefficients of expansion of the longitudinal sections. 
Figure 3 indicates that for the range from 20 to 1,000 C, the linear 
expansion of the transverse sections cut from 3-inch graphite is about 
110 percent greater than the expansion of the longitudinal sections 
cut from 3-inch graphite electrodes. 

3. There appears to be a tendency for the coefficients of expansion 
of a longitudinal section to increase’ with increase in the diameter 





7 The longitudinal section cut from 14-inch graphite electrode prepared by Speer Carbon Co., is an excep- 
tion. Theother longitudinal sections from 1-, 3-,and 14-inch electrodes, were prepared by Acheson Graphite 
Co. After an examination of these results, M. S. May of the Speer Carbon Co., recently stated that the 
14-inch graphite does not fall in line with the Acheson product because it is made by a somewhat different 
process. 


64093—34——4 
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of the graphite electrode from which the longitudinal section has been 
cut. 

4. The coefficients of expansion of the transverse sections cut from 
the 3-inch graphite electrodes are larger than the coefficients of 
expansion of the transverse sections cut from the 14-inch electrodes. 
For example, for the range from 20 to 1,000 C the average coefficient 
of expansion of the transverse sections from the 3-inch graphite is 
about 40 percent greater than the coefficient of expansion of the 
transverse sections from the 14-inch graphite electrodes. 

5. The difference between the expansion of the transverse and 
longitudinal sections cut from the 3-inch graphite electrodes is con- 
siderably greater than the difference between the expansion of the 
transverse and longitudinal sections cut from the 14-inch electrodes. 
Figure 3 indicates that the former difference is about 145 percent 
greater than the latter difference for the linear expansion between 
20 and 1,000 C. 

6. The coefficients of expansion of the longitudinal sections cut 
from the 1-inch graphite electrodes are in good agreement with the 
data obtained by Day and Sosman * on \-inch ® graphite electrode. 

7. The longitudinal and transverse sections of graphite indicate 
changes in length after heating to elevated temperatures and cooling 
to room temperature. A second heating and cooling cause smaller 
changes. 

It has been indicated in a previous publication ' that the differences 
in expansion and tensile strength between the transverse and longi- 
tudinal sections of a 14-inch graphite electrode may be due to the 
fact that the graphite electrode in the process of manufacture has 
been compressed differently in the two directions. Attention was 
also directed to statements of Taylor " on the effects of the extrusion 
process by which the ‘‘green”’ electrodes are formed. He stated that 
during extrusion the outer portions are retarded by friction with the 
walls of the die. There is therefore a good deal of internal motion 
parallel to the axis of the forming electrode. This internal motion 
causes a marked difference in the structure in the two directions. 
There is a tendency for the material to have a laminated structure 
in the transverse direction. The aggregate particles and cell walls 
are more firm and continuous in a lengthwise direction of the electrode 
than in a crosswise direction. Voids or pores tend to form with their 
longer axes lengthwise of the electrode. It seems quite probable that 
this has an effect on expansivity in the two directions. The longitudi- 
nal increment is practically a measure of the linear expansion of the 
material, and the transverse change is the linear expansion plus an 
increment of distortion due to increased spring in the arches formed 
by the cell walls of the voids and pores. Taylor also believed that 
the lower tensile strength in the transverse direction is due to the 
laminated structure mentioned. 

As appreciable differences were found in the thermal expansion of 
sections cut from different size electrodes, an endeavor was made to 
obtain information about the ratio of the coke and plastic organic 
material, and the approximate grain size of the different electrodes. 
Referring to the graphite electrodes prepared by Acheson Graphite 

’ Day and Sosman, Jour. Ind. and Eng. Chem., vol. 4, p. 490, 1912, or J. Wash. Acad. Sci., vol. 2, p. 284, 
1912 (see also Day, Sosman, and Hostetter, Amer. Jour. Sci., vol. 37, 4th series, p. 1, 1914). 
* Hidnert and Sweeney, B.S.Technologic Paper 335, table 1, footnote 5. 


10 Hidnert and Sweeney, B.S.Technologic Paper 335, p. 228. 
11 See reference, footnote 10. 
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Co., H. D. Batchelor, director of research of the National Carbon Co., 
Inc., Cleveland, Ohio, stated the following: 

“The ratio of coke and plastic organic material is approximately 
the same for all sizes of graphite electrodes. It varies somewhat 
according to size but not to exceed 10 percent. The grain sizes of 
different size electrodes do vary in accordance with their size. The 
coarsest particles in 3- and 4-inch electrodes will all pass through a 
20-mesh screen and a greater proportion of them will pass through a 
200-mesh screen. In a 14-inch electrode the coarse particles are be- 
tween 0.03 and 0.06 inch in 





diameter, the next closest ] | | 
lie between 0.03 and 0.015 
and finally, here again, the -— © HEATING * 


larger portion of the par- 
ticles will pass through the 
200-mesh screen. 

“In addition to the dif- 
ference in grain size above 
mentioned, possibly one 
should take into considera- 
tion the normal variation to 
be expected in commercial 
electrodes. As to just what 
this variation is in terms of 
thermal expansion, we have 
noinformation, * * *.,” 

M.S. May of the Speer 
Carbon Co., recently stated: 
“Tt appears probable that 
the difference in expansion 
between the different sized 
Acheson rods is because 
they are made from flours <p" 
of different finenesses rather 
than because of the differ- 


@ COOLING 


EXPANSION IN PERCENT 














ence of diameter itself.”” As i 5 | — 
insufficient data on grain = th sa 400 
sizes of the different size TEMPERATURE 

2 v4 

electrodes nite ailable, it Figure 4.—Linear thermal expansion of two 
was not possible to defi- types of carbon. 


nitely determine the rela- 1497 — Composed of petroleum coke, bonded with coal tar 

tion between expansion and pitch coke. 1498 — Composed of lampblack bonded with 
: : coal tar pitch coke. 

grain size. 

The linear thermal expansion of artificial graphite electrode depends 
on various factors indicated in this section. The direction (longitu- 
dinal or transverse) along which expansion measurements are made, 
appears to be the most important factor. Graphite should therefore 
be used with caution for the purposes indicated in the introduction of 
this paper. 

2. CARBON 


Two types of carbon ” which are important from the standpoint of 
thermal expansion were included in this investigation. These types 





12 Submitted by Speer Carbon Co., Saint Marys, Pa., in 1932. Made by hot extrusion process. 
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of carbon are used for expansion elements “ in temperature regulators 
for domestic gas ovens. 

Measurements of linear thermal expansion were made “ at various 
temperatures between 20 and 350 C. Figure 4 and table 5 show the 
results obtained. 


TABLE 5.—Average coefficients of expansion of carbon 


| 


| 
| | Average coefficients of expansion per | Change 
degree centigrade in 











. | Test |_ length 
r~ Description | num- | | | | | after 
ber | 20to | 20to | 20to | 20 to | 20to — 
} | 60C | 100€ | 200 ¢ 300 C | 350 C cooling 
eel Senn ST SN BUSS owen See: en Se . 
7 arbon, grade 2079, “16-inch diam 6 } ercen 
1497 | Cart de 2079, 5{6-inch d 10-6 | X10-* | X10-6 | X10-6 | X10-6 | Percent 
| DR deb cone datatnaabwden creda | 1 1.4 | 1.5 | 1.4 | 1,7 18} +0. 004 
1 4.0 4.1 | 4.3 4.5 | 4.7 |) +, 012 
1498 | | Carbon, grade 2095, ¢ 546-inch diam- dj all $9) 42/].---....| 43 if 5 pe 
i Ra stitenininctnnalye miraeisate 2 4.1 | 4.0 | 4.3 | 4.5 4.7 
Lat) a8) EES) GT) pn 
: 





* The plus (+) sign indicates an increase in length. 

>’ Composed of petroleum coke, bonded with coal tar pitch coke; carries about 0.5 percent ash (mineral 
matter) and under 1 percent volatile. Baked to about 1,000 C. 

¢ Composed of lampblack bonded with coal tar pitch coke; carries about 1 percent ash and under 1 percent 
volatile. Baked to about 1,000 C 

4 Cooling. 


The coefficients of expansion of the carbon made with lampblack 
are about three times as large as the coefficients of the carbon made 
with petroleum coke. It therefore appears that the latter carbon is 
more suitable for the low expanding element of temperature regula- 
tors, for the regulation depends on the difference of expansion between 
the carbon rod and the metal tube into which the rod is inserted. 

Both samples of carbon indicated an increase in length after heating 
to 350 C and cooling to 20 C. 


V. CONCLUSIONS 
1. ARTIFICIAL GRAPHITE 


The coefficients of expansion of the longitudinal and transverse 
sec Ms of graphite increase with temperature. 

2. The coefficients of expansion of the transverse sections are larger 
than the coefficients of expansion of the longitudinal sections. For 
the range from 20 to 1,000 C, the linear expansion of the transverse 
sections cut from 3-inch graphite is about 110 percent greater than the 
expansion of the longitudinal sections cut from 3-inch graphite 
electrodes. 

3. There appears to be a tendency for the coefficients of expansion 
of a longitudinal section to increase with increase in the diameter of 
the graphite electrode from which the longitudinal section has been 
cut. 

4. The coefficients of expansion of the transverse sections cut from 
the 3-inch graphite electrodes are larger than the coefficients of ex- 
pansion of the transverse sections cut from the 14-inch electrodes. 
For example, for the range from 20 to 1,000 C, the average coefficient 


13 Maximum temperature in service 600 F (316 ©). 
14 In the longitudinal direction. 
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of expansion of the transverse sections from the 3-inch graphite is 
about 40 percent greater than the coefficient of expansion of the 
transverse sections from the 14-inch graphite electrodes. 

5. The difference between the expansion of the transverse and 
longitudinal sections from the3-inch graphite electrodes is considerably 
greater than the difference between the expansion of the transverse 
and longitudinal sections from the 14-inch electrodes. Figure 3 indi- 
cates that the former difference is about 145 percent greater than the 
latter difference for the linear expansion between 20 and 1,000 C. 

6. The coefficients of expansion of the longitudinal sections cut 
from the 1-inch graphite electrodes are in good agreement with the 
data obtained by Day and Sosman on '-inch graphite electrode. 

7. The longitudinal and transverse sections of graphite indicate 
changes in length after heating to elevated temperatures and cooling 
to room temperature. A second heating and cooling cause smaller 
changes. 

8. The differences in expansion and tensile strength between the 
transverse and longitudinal sections of a graphite electrode may be 
due to the fact that the electrode in the process of manufacture has 
been compressed differently in the two directions. Taylor has indi- 
cated that during extrusion the outer portions of the electrode are 
retarded by friction with the walls of the die. There is a tendency 
for the material to have a laminated structure in the transverse direc- 
tion. The aggregate particles and cell walls are more firm and contin- 
uous in lengthwise direction. Voids or pores tend to form with their 
longer axes lengthwise of the electrode. It seems probable that this 
has an effect on the expansion in the two directions. Taylor stated 
that the longitudinal increment is practically a measure of the linear 
expansion of the material, and the transverse change is the linear 
expansion plus an increment of distortion due to the laminated 
structure. 

9. The grain sizes of the different size electrodes appear to have an 
effect on expansion. 

10. Graphite should be selected with care for the purposes indicated 
in section I of this paper. : 


2. CARBON 


The coefficients of expansion of carbon made with lampblack are 
about three times as large as the coefficients of carbon made with 
petroleum coke. It therefore appears that the latter carbon is more 
suitable for the low expanding element of temperature regulators. 


WasuHineton, April 21, 1934. 
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EQUILIBRIUM \ VOLATILITY OF MOTOR FUELS FROM THE 
STANDPOINT OF THEIR USE IN INTERNAL COMBUS- 
TION ENGINES 

By Oscar C. Bridgeman 


ABSTRACT 


One of the larger problems in connection with the relation between fuel charac- 
teristics and engine performance is concerned with fuel volatility. For many 
years, the National Bureau of Standards conducted an investigation of fuel vola- 
tility, in cooperation with the automotive and petroleum industries, and the 
present paper covers the experimental data obtained and the conclusions reached 
in this investigation. An apparatus and method are described for the measure- 
ment of the equilibrium volatility of motor fuels, and experimental data are 
presented on 38 gasolines and blends covering a wide range of volatility. <A 
correlation is shown to exist betwen equilibrium volatility data and distillation 
data obtained by the standard A.S.T.M. method. By use of the equations 
deduced, it is possible to obtain from distillation data all of the equilibrium 
volatility data of interest in connection with engine performance. 
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I. THE PRACTICAL PROBLEM OF MOTOR FUEL 
VOLATILITY 


The advent of the automobile and the phenomenal growth of the 
automotive industry changed the status of gasoline from a byproduct 
of little commercial value to the major product of the petroleum 
industry. The new market for gasoline, thus created, stimulated the 
rapid expansion of the petroleum industry, resulting in extensive 
development of the national oil resources and improvements in re- 
finery technology. Thus the last two decades have seen the rise con- 
currently of two of the major industries of the country, each dependent 
upon the other, but until recently neither industry has been in pos- 
session of requisite information for satisfying the requirements of the 
other. The immediate problem confronting the industries, therefore, 
was to secure adequate knowledge of the best engine design for oper- 
ation with existing fuels and of the most satisfactory fuel for use with 
existing engines. The ideal solution, hoped for, was the acquisition 
of sufficient information to permit that mutual adaptation of engine 
design and fuel characteristics which would result in maximum 
economies for both industries. 


1. THE AUTOMOTIVE INDUSTRY PROBLEM 


One of the major problems of the automotive industry has always 
been to design engines which would give the desired performance 
with current fuels. The engine should start readily even in cold 
weather and should keep on running without too many interruptions. 
The induction system should take care of adequate distribution of 
the charge to the various cylinders and should permit the automobile 
to accelerate rapidly. Heating of the intake manifold should be suf- 
ficient to vaporize most of the fuel in order to minimize dilution of 
the crankcase oil. The fuel feed system should be constructed so 
that the fuel is fed in the desired amounts to the intake manifold with- 
out serious interruption of flow due to vapor lock. 
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In order to design equipment which will satisfy these requirements, 
the automotive engineer must know how the fuel behaves in the 
engine and what characteristics of the fuel determine this behavior. 
He is also interested in specifying the type of fuel for which his 
engine is designed and on which it will operate satisfactorily, and 
in having information on the ability of the oil refiner to supply an 
adequate amount of such fuel at a reasonable price. 


2. THE PETROLEUM INDUSTRY PROBLEM 


The petroleum technologist also should know how the fuel behaves 
in the engine in order that he may intelligently produce the most 
satisfactory fuel for use in engines of current design. He should 
know, still further, the characteristics of fuels which determine 
their performance in the engine and he should have adequate routine 
tests for the evaluation of these characteristics. Then with knowl- 
edge of what gasoline for use in existing types of engines ought to be 
and with sufficient information to enable him to determine when he 
has such a fuel, the oil refiner is in a position to develop his refinery 
technique to the point where he can produce a consistently satis- 
factory fuel from the minimum amount of crude oil. 


3. THE COOPERATIVE FUEL RESEARCH AND THE PRACTICAL 
VOLATILITY PROBLEM 


In 1922 the automotive and petroleum industries combined in 
financing cooperative fuel research at the National Bureau of Stand- 
ards on important problems of common interest under the super- 
vision of a steering committee composed of representatives from the 
three cooperating groups. This fuel research has had for its one 
guiding principle the mutual adaptation of the fuel to the engine and 
the engine to the fuel. Insofar as has been feasible, work on the 
various projects undertaken has been conducted simultaneously 
from the standpoint of the fuel characteristics and the behavior in 
the engine. 

One of the larger problems investigated was the relation between 
fuel volatility and engine performance. When a fuel is used in the 
engine, there are two portions of the fuel system in which volatility 
is of interest in connection with performance. These may be char- 
acterized as the fuel feed system, including all parts up to the car- 
buretor jet, and the induction system, in which the fuel is in contact 
with air. In the former, volatility is connected with vapor-locking 
tendency; whereas, in the latter, volatility is linked with starting, 
acceleration, and crankcase dilution. In both of these cases, the 
optimum volatility is dependent to a greater or less extent upon the 
individual characteristics of each engine and equipment and upon 
the conditions of use. 

Accordingly, a practical investigation of fuel volatility from the 
automotive standpoint should involve (1) an evaluation of those fuel 
characteristics which affect the various phases of engine performance 
under conditions of operation, and (2) the development of test 
methods for the determination of these volatility characteristics 
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4. SCOPE OF THE PRESENT PAPER 


Those properties of fuels which determine their tendency to cause 
vapor lock in the fuel feed system will not be considered in the present 
paper, and reference will be made only to those characteristics which 
affect vaporization in the presence of air. Because the extent of 
vaporization in the induction system is specific for each type of equip- 
ment, the first step in the study of fuel volatility should yield results 
of general applicability and independent of the particular conditions 
existing in any one induction system. Data so obtained for an ideal 
manifold represent limiting values approximated to varying degrees 
by different systems, and furnish the fundamental information neces- 
sary for an intelligent investigation of volatility under actual operating 
conditions. 

The volatility work has been confined to this first step in the study 
of vaporization in the presence of air. Until a study of the application 
of these data to actual manifolds is undertaken, the somewhat 
plausible assumption is necessary that the order of the volatilities of a 
series of fuels under equilibrium conditions is unchanged when these 
fuels are used in any given engine induction system. 


II. ANALYSIS OF THE VOLATILITY PROBLEM 
1. CHOICE OF VARIABLES 


Volatility is a measure of the tendency of a substance to evaporate 
or to change from liquid to vapor under given conditions. It may 
be expressed in terms of the pressure exerted by the vapor under each 
set of specified conditions. One of the conditions which must be 
specified is the temperature, for the vapor pressures of all substances 
increase with temperature. Another condition which must be speci- 
fied in the case of composite liquids, like gasolines, is the composition 
of the liquid at the time when the vapor pressure is measured. 

With a one-component substance, such as water, the vapor pres- 
sure at a given temperature remains constant regardless of how much 
water evaporates. When more than one component is present, this 
is no longer true, since the more volatile constituents evaporate more 
readily, leaving the residual liquid less and less volatile as evaporation 
progresses. With a substance like gasoline, containing possibly 
several hundred hydrocarbons, the change in vapor pressure as 
evaporation progresses is very marked, since the less volatile com- 
ponents have a lower vapor pressure and since the proportion of these 
less volatile components in the residual liquid becomes greater as 
more of the liquid evaporates. This means that not only must the 
temperature be specified in the case of gasolines, but the composition 
of the liquid must also be specified. 

Specification of the chemical composition of a gasoline is in general 
almost impossible at present, due to the indeterminate number of 
hydrocarbons present in unknown amounts. While it may be feasible 

to separate a simple natural gasoline into various groups by fractional 
distillation and thereby arrive at its approximate composition, even 
this method is not practicable for the average refinery product. With 
any specific gasoline, it is not necessary to know the chemical com- 
position for, at any given temperature, the vapor pressure is defined 
at each point when the percentage evaporated is specified. If per- 
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centage evaporated is thus used to indicate composition, it is necessary 
to have some means of identifying each gasoline. Such identification 
is furnished by the distillation curve. 

When a gasoline is delivered by the carburetor to the induction 
system, it is mixed with air in the requisite proportions. The mixture 
supplied is expressed in terms of the weight of air per unit weight of 
gasoline, which is commonly called the air-fuel ratio. The resultant 
mixture formed when part or all of the liquid evaporates is also 
expressed in terms of the weight of air per unit weight of gasoline 
vapor. Hence although-the pressure of the vapor is the fundamental 
variable involved at any temperature and percentage evaporated, a 
more convenient variable, related to pressure, is the resultant mixture 
ratio of air and gasoline vapor formed at this temperature and 
percentage evaporated. In this case, it is necessary to specify the 
total pressure of the mixture and this has been fixed at one atmosphere, 
which is equal to 760 mm of mercury under standard conditions or 
14.7 lb/in? 

By the use of these variables, volatility is specified in terms of the 
practical units used by the industry. Volatility is therefore defined 
for the present purpose in terms of the temperature at which a given 
air-vapor mixture is formed under equilibrium conditions at a pressure 
of one atmosphere, when a given percentage is evaporated. Accord- 
ing to this definition, one gasoline is more volatile than another for 
any given percentage evaporated if it forms the given air-vapor 
mixture at a lower temperature. 


2. RANGES OVER WHICH VARIABLES REQUIRE INVESTIGATION 


In order that an engine may start and run without interruption, it 
is necessary that an explosive mixture of air and fuel vapor be supplied 
to the cylinders at all times during the period of operation. The 
practical range of explosive air-vapor mixtures is from 4:1 to 20:1 by 
weight. Accordingly, at each percentage evaporated, this limits the 
range of resultant mixtures which require investigation. 

When an engine is being started in cold weather, a very rich mixture 
must be supplied by the carburetor since the percentage of the fuel 
which evaporates under these conditions is small and enough must be 
evaporated to produce an explosive mixture. As the engine warms 
up, a larger percentage evaporates and accordingly a leaner mixture 
can be supplied by the carburetor. Finally, when the engine is being 
run under steady operating conditions, the resultant air-vapor 
mixture is not much leaner than the supplied mixture because most 
of the fuel evaporates. 

Hence, since different percentages of the fuel evaporate under differ- 
ent operating conditions, the mixture supplied by the carburetor must 
be adjusted so that the resultant mixture is always in the explosive 
range from 4:1 to 20:1. The limits of the percentage of fuel evapo- 
rated under operating conditions range from very small percentages to 
complete evaporation, so that the study of fuel volatility should 
include measurements at values of the percentage evaporated covering 
the range from 0 to 100 percent. 
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3. SUBDIVISION OF THE VOLATILITY INVESTIGATION 


A diagrammatic example for one gasoline of the volatility field of 
interest in connection with automotive engines is shown in figure 1. 
The hatched area, labeled ‘‘Automotive Volatility Field’’, covers a 
range for this gasoline of air-vapor mixtures bounded by the 4:1 to 
20:1 air-vapor lines and of percentages evaporated from 0 to 100 
percent. For gasolines with different evaporation curves, similar 
volatility fields will be obtained but displaced to an extent dependent 
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Figure 1.—Illustration of the volatility field of interest in connection with engine 
performance as compared with the A.S.T.M. evaporation curve. 


upon the differences in distillation characteristics. Each point in the 
field represents the resultant air-vapor mixture formed under equilib- 
rium conditions at that temperature and at the given percentage 
evaporated for a total pressure of one atmosphere. Each air-vapor 
line is a volatility curve and is called the resultant equilibrium air- 
evaporation curve. It represents an equilibrium distillation or 
evaporation in the presence of air under such conditions that all of 
the vapor formed is confined in the presence of the residual liquid 
under a total pressure of one atmosphere. The upper curve in the 
figure is the A.S.T.M. evaporation curve of the fuel (see definition, 
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sec. II]). It represents a nonequilibrium distillation or evaporation 
at atmospheric pressure under such conditions that the vapor formed 
is removed in a specified manner from contact with the residual 
liquid under a total pressure of one atmosphere. The A.S.T.M. 
evaporation curve is used to identify the gasoline. 

The vertical line of 100 percent evaporated represents the tempera- 
tures corresponding to complete equilibrium vaporization of the 
various supplied air-fuel mixtures. This line also represents the tem- 
peratures at which liquid would just separate out under equilibrium 
conditions on cooling the superheated resultant air-vapor mixtures. 
Hence temperatures “along this line are called dew points, and the 
chemical composition of the gasoline vapor is the same at every 
temperature, being identical with the composition of the unvaporized 
liquid gasoline. The composition of the liquid which separates out 
will, however, vary with temperature. 

The vertical line of 0 percent evaporated represents the tempera- 
tures at which a bubble would form under equilibrium conditions in 
the liquid gasoline saturated with air under a total pressure of one 
atmosphere. Hence temperatures along this line are called bubble 
points. At different temperatures, the ratio of air to fuel vapor in the 
bubble will be different and the chemical composition of the fuel vapor 
will vary. The composition of the liquid gasoline will, however, be 
the same at all temperatures. 

At every intermediate percentage between 0 and 100 percent, 
where both liquid and vapor are present simultaneously in more 
than infinitesimal amounts, the chemical composition of each is 
different at every temperature and neither liquid nor vapor has the 
same composition as the original gasoline. Data at intermediate 
percentages are called partial volatility data. 


III. DEFINITIONS OF TECHNICAL TERMS USED 


A summary of definitions of a number of the technical terms used 
in this paper is given below: 

Volatility is the tendency of a substance to evaporate or to change 
from liquid to vapor under given conditions. For the present purpose, 
it is expressed quantitatively in terms of the temperature at which 
a given resultant air-vapor mixture will be formed under equilibrium 
conditions at a pressure of one atmosphere, when a given percentage 
is evaporated. 

Supplied air-fuel mixture (supplied mixture or air-fuel mixture) is 
the ratio by weight of the amount of air to that of liquid fuel supplied. 
As used in this paper, the total pressure is one atmosphere, unless 
otherwise stated. 

Resultant air-vapor mixture (resultant mixture or air-vapor mixture) 
is the ratio by weight of the amount of air to that of fuel vapor formed 
from the supplied mixture. The total pressure of air and fuel vapor 
is taken to be one atmosphere, unless otherwise stated. 

Equilibrium vaporization is the vaporization under such conditions 
that all of the vapor formed is confined in the presence of the residual 
liquid for a period of time sufficiently long so that any increase in 
the time would not increase the amount which evaporates under 
otherwise unchanged conditions. 
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Equilibrium air-evaporation is the vaporization under equilibrium 
conditions in the presence of air. The total pressure is one atmosphere, 
unless otherwise stated. 

Equilibrium air-evaporation curves are the curves obtained by plot- 
ting temperature against percentage evaporated for a constant 
resultant air-vapor mixture. 

A.S.T.M. evaporation curves are curves obtained by plotting the 
temperatures recorded in the standard A.S.T.M. distillation test 
against the percentage evaporated, which is obtained by adding the 
distillation loss to the percentage distilled at each point. 

Percentage evaporated is the amount of liquid which evaporates 
under given conditions, expressed in percent. When used in this 
paper in connection with the volatility data, it is expressed in weight 
percent. When used in connection with A.S.T.M. evaporation data, 
it is expressed in volume percent. 

Dew point is the temperature corresponding to initial liquid forma- 
tion under equilibrium conditions on cooling a given superheated 
resultant air-vapor mixture. It is also the temperature correspond- 
ing to complete equilibrium vaporization of a given supplied air- 
fuel mixture. It is the point at which a given equilibrium air-evapora- 
tion curve intersects the line of 100 percent evaporated. Unless 
otherwise stated, it refers to a total pressure of one atmosphere. 

Bubble point is the temperature at which a bubble, composed of a 
given air-vapor mixture, is in equilibrium with the unvaporized liquid 
gasoline, saturated with air under a total pressure of one atmosphere. 
It is the point at which a given equilibrium air-evaporation curve 
intersects the line of 0 percent evaporated. Unless otherwise stated, 
it refers to a total pressure of one atmosphere. 

Partial volatility data are data applying to percentages evaporated 
intermediate between 0 and 100 percent. 


IV. A.\S.T.M. EVAPORATION DATA ON FUELS USED IN 
VOLATILITY WORK 


A.S.T.M. evaporation data were obtained on all of the fuels used 
in the volatility work. These data were primarily intended for 
identification but after volatility results on a number of fuels had been 
obtained, a relation was found to exist between the A.S.T.M. evapora- 
tion and the volatility data. Accordingly, extreme care was taken 
in making the A.S.T.M. distillations. 

For all the gasolines, the American Society for Testing Materials 
Standard Method D86-—27 was employed ! and all detailed directions 
were carefully followed. In two respects, temperature was controlled 
more closely than required by the standard A.S.T.M. method. By 
using a mixture of finely shaved ice and water, the temperature of the 
condenser was maintained as closely as possible at 0 C, rather than at 
temperatures within the permissible range of 0 to 4.5 C. Further, 
in the initial measurement of the sample, the actual temperature of 
the gasoline, within the permissible range of 12.8 to 18.3 C, was noted 
and throughout the entire distillation the temperature of the liquid 

8.T.M. Standards, 1927, p. 378, published by the American Society for Testing Materials, Phila- 


delphia, Pa. This method was revised to a minor extent in 1930, under the designation D86-30, but this 
revision does not affect the conclusions reached in the present paper. 
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bath surrounding the receiver was kept at this value within 1° C. 
In this manner, better reproducibility was obtained and greater 
precision in the determination of distillation loss was possible. 

The magnitude of the possible error in distillation loss by taking 
advantage of the extreme temperature range, permitted by the 
A.S.T.M. method, can be shown by an example. Suppose a gasoline 
of specific gravity 0.720 at 60 F/60 F has 2.0 percent distillation loss 
when measured and collected at 15.6 C. If the sample is measured 
at 18.3 C, and is collected at 12.8 C, the apparent loss will be2.6 
percent. If, however, it is measured at 12.8 C and collected at 18.3 
C, the apparent loss will be 1.4 percent. In either of these cases, 
there will be an error of 0.6 percent, and there may be a difference of 
1.2 percent in duplicate determinations. While the errors may com- 
pensate in some cases, the example indicates the possible deviations 
by the A.S.T.M. method. A control of the temperature so that the 
sample is measured and collected at temperatures differing by not 
more than 1° C, reduces the error from this source to 0.1 percent. A 
more satisfactory procedure would be to measure and collect the 
sample at 0 C. 

Thermometer readings were taken when the first drop fell from the 
end of the condenser; at every 5 percent recovered throughout the 
distillation; and when the thermometer reading reached its maximum 
value. With every gasoline, an A.S.T.M. evaporation curve was 
obtained by plotting the distillation temperatures against the corre- 
sponding percentages evaporated. The percentage evaporated at any 
point is equal to the percentage recovered plus the distillation loss 
up to that point. Since the vapor pressure drops very rapidly as the 
distillation progresses, most of the loss should occur towards the 
beginning of the distillation. It was therefore assumed that, within 
experimental error, all of the loss occurred before 10 percent of the 
sample had been recovered in the receiver, and accordingly the per- 
centage evaporated at every point was considered to be equal to the 
percentage recovered plus the total distillation loss. Since tempera- 
tures below 10 percent evaporated were not used in the correlation 
with the volatility data, the error introduced in this procedure of 
correcting for distillation loss should be negligible. 

The evaporation curve is simply the ordinary distillation curve 
displaced to the nght by an amount equal to the distillation loss. If 
the loss is 2 percent and the thermometer reading at 10 percent re- 
covered is 60 C, then in plotting the curve, a mark is made at 12 
percent evaporated and 60 C. From the smooth curve through the 
plotted points for each gasoline, the temperatures were read at every 
10 percent evaporated from 10 to 90 percent. These values were 
then used for the correlation with the volatility data. 

Plotting the A.S.T.M. data as evaporation curves places all gaso- 
lines on a comparable basis, which is not true of the distillation 
curves. Further, the method used in obtaining the equilibrium 
volatility curves precludes any loss, so that the comparison with the 
A.S.T.M. curves is more logical when the A.S.T.M. data are corrected 
for loss in the manner indicated. 

A description of the 38 fuels used in the volatility experiments is 
given in table 1. The gasolines contributed by the various oil com- 





62 Journal of Research of the National Bureau of Standards — vol. 1s 


panies were experimental samples, in many cases prepared specially 
for the cooperative fuel research work, and they should not be con- 
sidered as representative of the commercial products sold by these 
companies. It is believed, however, that the general conclusions 
drawn from the data on these samples are applicable to commercial 
gasolines and blends. The list includes 5 aviation gasolines, 5 cracked 
gasolines, 6 natural gasoline blends, 3 benzol blends, and 3 ethy! ether 





blends. 


Fuel no 


Source 


TaBLE 1.—Description of fuels 


Identification data on the fuels are given in table 2. 


Composition 


| Straight run fuel. 


1, 2,3 Atlantic Refining Co 
1A, 2A, 3A, 4A WD ccacciti gr deck Special blends for starting tests. 
et National Bureau of Standards U.S. motor gasoline. 
B. PM ae | Ge. Domestic aviation gasoline. 
Cc National Bureau of Standards Equal parts A and B 
DE, fs The Texas Co-. Special blends for acceleration 
tests. 
RH Vacuum Oil Co.-- Fuel from Grozny crude. 
L Standard Off Co. of N.J....<............- Laure] oil. 
f National Bureau of Standards U.S. motor gasoline. 
G eh Sah ald bf Res Fuel 6, 60 percent; motor ben- 
zol, 40 percent. 
H Sn Fuel A, 80 percent; benzene, 
20 percent. 
I oi... Fuel A, 60 percent; benzene, 
| 40 percent. 
RPC | midcontinentcrude. 
5 Universal Oil Products Co.; (cracked by Dubbs || acts trom|Smsekover —— 
N. PTOCOSS) ies . | Galifornia crude. 
oO W yoming crude. 
M National Bureau of Standards | Fuel A, 80 percent; kerosene, 
20 percent. 
B3 Po ee ot) | Domestic aviation gasoline. 
101 Naturaline Co. of America. - Natural gasoline aviation fuel. 
ill Phillips Petroleum Co- -- Do. 
121 Virginian Gasoline & Oil Co--- } Do. 
| | —______—_ 
: | 375 C end- 
ne | point cracked 
- | gasoline 
SS nn eae 
} Percent Percent 
S1 | 12 | 88 
$2- 16 | 84 
: | 929 | 7 
aa , Shell Petroleum Corporation } 26 "4 
85..... 32 | 68 
86... 52 | 48 
Ethyl] ether Fuel B3 
d ieee 
EBI -|) 25 75 
EB2 _..|pNational Bureau of Standards--- . 50 50 
EB3 ‘| 75 | 25 
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TABLE 2.—Identification data on fuels 


| A.S.T.M. temperatures at | 
stated percentages evapo- | ne P 
| rated 60 F/60 F 





Fuel Loss Residue | specific 
| } gravity 
|10 percent|50 percent/90 percent 

: wt a ie Ps 
“C a ee, °C =| Percent | Percent | 

LU aeiatahsnentebtaacnmncghswew seu 114 155 | 199 | 1.3 | 1.7 0. 764 
2 62 111 | 195 1.4 1.6 | 730 
as 91 158 | 197 | 1.8 2 755 
vee 80 139 | 195 23 1.7 733 
| oe S4 139 195 1.5 ] 739 
3A. 93 140 193 1.0 2.0 738 
3 90 140 18¢ 15 1.5 731 
Ree et 75 135 | 196 Re 1.3 768 
B 63 | 101 | 132 2.0 1.0 714 
es 69 115 174 1.2 1.3 741 
D. 89 122 200 | .8 Be 754 
E. 84 137 | 199 | y 1.8 | . 762 
Rs. ds 72 163 | 198 1.0 | 1.0 | . 766 
RH. 85 126 168 5] La . 739 
RL 72 | 104 147 .o 1.2 724 
«* ‘ 117 | 126 152 a 3 751 
6 92 139 190 1.0 1.0 768 
G 86 107 178 | 1.0 1 . 807 
H 73 | 113 186 | 1.8 1.2 776 
I 76 94 | 177 | 1.7 1.3 805 
RPC 66 134 | 198 | 1.0 ] . 747 
J 54 135 | 207 1.6 1.4 . 751 
K 65 122 176 1.0 1.3 735 
N 96 | 150 | 204 .6 1.2 

O 82 | 147 200 6 1.4 7! 
M 89 | 152 222 7 1.3 776 
B3 ies 65 | 105 148 | 1,6 1.2 . 709 
101 42 61 106 | 2 1.2 | . 678 
111 53 | 70 115 1.7 1.3 . 684 
12 72 | 79 | 110 4 1.4 . 696 
$1 64 | 115 | 165 .8 1,2 . 743 
$2... 64 114 166 8 1.2 . 735 
83 60 104 161 1.4 aD 731 
$4... 54 103 161 | 1.3 1.2 12h 
$5 y 99 159 1.3 1,2 | .719 
S6 44 86 154 | 1.2 1.3 . 708 
EBI 46 | 83 128 | 1.9 1.1 714 
EB2 40 | 53 | 124 1.9 1.1 718 
EB3 36 40 112 2.4 8 722 


V. EQUILIBRIUM AIR-EVAPORATION APPARATUS AND 
METHOD OF USE 


When an engine is being run, a mixture of liquid gasoline and air 
is supplied by the carburetor to the intake manifold, in which vapori- 
zation occurs to an extent dependent upon the design of the manifold, 
the conditions of operation and the characteristics of the fuel. The 
most direct method of obtaining volatility data in terms of the 
variables used in automotive practice is to employ an apparatus in 
which the process of vaporization is analogous to that occuring in the 
intake manifold. Such an apparatus was designed by T. S. Sligh ” 
at the commencement of this work and was employed throughout 
essentially in its original form. Known mixtures of air and gasoline 
are supplied to a vaporization coil maintained at definite tempera- 
tures and the amounts of gasoline evaporated are measured. The 
data thus obtained, when corrected to equilibrium conditions, repre- 
sent values which would be obtained in an ideal engine manifold. A 
manifold of this type would be equivalent to a tube, maintained at 


*Sligh, SAE Jour., p. 393, April 1926, and p. 151, August 1926. 
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uniform temperature, of such length that any increase in the length 
would not increase the amount of fuel vaporized. 


1. DESCRIPTION OF APPARATUS ® 


Diagrams of the Sligh equilibrium air-evaporation apparatus are 
shown in figures 2 and 3. In the earlier stages of the work, the tem- 
perature range covered did not go below 0 C and the simpler apparatus 
shown in figure 2 was employed. For extension of the temperature 
range below 0 C, the more complicated apparatus shown in figure 3 
was used. Identical lettering is used for similar parts in the two 
figures. 

The essential part of the equilibrium air-evaporation apparatus is 
the vaporization coil A, which is a 16-ft length of copper tubing of 
7/16 in. outside diameter formed into a helix. Liquid gasoline and 
preheated air in definite proportions are fed at uniform rates into the 
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Ficure 2.—Egquilibrium air-evaporation apparatus for measurements above 0 C. 
q i j 


top ofjthis coil’which is immersed in a well-stirred constant tempera- 
ture bath. After passage through the coil the unvaporized liquid is 
separated from the air-vapor mixture in the chamber C and is collected 
and measured in the burette D, while the vapor passes out through 
the exhaust pipe E. The flow of gasoline into the vaporization coil 
is controlled by displacement from the reservoir H by means of the 
hollow plunger I operated by clockwork. Partial stoppage by the 
plunger of the overflow tube into the vaporization coil is avoided by 
providing an offset in the reservoir wall at this point. The plunger is 
suspended by a fine nichrome wire, 0.008 in. in diameter, which 
passes through a packing gland L at the top of the reservoir and thence 
over an idler pulley to connect to a drum K mounted on the spindle 
of the clock J. The packing gland consists of a thin piece of leather, 
pierced by a very fine hole for the wire, and mounted between two 
metal disks which serve to compress the leather and force it tightly 





8 Preliminary descriptions have been given by Bridgeman and Cragoe, A.P.I. Bull., Jan. 31, 1928, p. 54 
and by Bridgeman, SAE Jour., April 1928, p. 437. 
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around the wire. A recess is provided at the top which was filled 
with mercury to prevent leakage. The mainspring was removed 
from the clock, which is driven by the weight of the plunger acting 
through the drum mounted on the main shaft. The gear train and 
escapement serve to regulate the motion and to maintain a constant 
rate of fall of the plunger. To permit rewinding, a ratchet clutch is 
placed on the top of the clock and engages a gear on the drum. Four 
drums were used permitting variations in the rate of feed from 1 to 
4ml per minute. The reservoir H was filled through the cup P which 
was closed with a tight-fitting screw cap during the runs. In the 
later experiments, a water jacket X was placed around the reservoir 
in order to control the temperature of the gasoline. 

The air used in the experiments was supplied under a slight positive 
pressure. It was dried by passage through a tower M containing 
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Ficgure 3.—Equilibrium air-evaporation apparatus for measurements both above 
and below 0 C. 


calcium chloride and for the work below 0 C any residual moisture 
was frozen out by passing the air through a drying tube Q (fig. 3) 
immersed in a low temperature bath R. This bath was filled either 
with carbon dioxide slush or liquid air, depending upon the available 
supply of these refrigerants. The dried air was then heated to about 
room temperature by means of the electric heater S before passing 
into the flow meter N. Flat plate orifices were employed to control 
the air flow, and to reduce turbulence on the high pressure side of the 
orifice, a number of tubes are placed lengthwise in the air passage as 
shown in figure 2. The water manometer O indicated the pressure 
drop across the orifice. Five different orifices were employed, per- 
mitting considerable variation in the air flow. For convenience in 
the interchange of orifices, the flow meter was constructed in two parts 
joined together by a large threaded union. From the flow meter, the 
air passed upwards through a small copper coil B for final adjustment 
of the air temperature before it came in contact with the gasoline. 
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Fluctuations in the air pressure were smoothed out by means of the 
pressure regulator T and the 5 liter surge tank U. The pressure 
regulator consisted simply of a tube immersed in a tank containing 
water, and regulation of the valve at the top of the tube varied the 
amount of air by-passed against a predetermined head of water. 

For work above 0 C, the bath containing the vaporization coil was 
filled with water and manual temperature regulation was employed 
using the electrical immersion heater F (fig. 2). At temperatures be- 
low 0 C, and in some of the later experiments above 0 C, the bath 
liquid consisted of a mixture in equal parts of carbon tetrachloride 
and gasoline. The temperature was automatically controlled by 
means of a mercury-in-glass thermoregulator V (fig. 3), the excess 
cooling by means of a carbon dioxide expansion coil W being com- 
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Figure 4.—Calibration curve for mechanism controlling rate of gasoline feed. 


pensated for by the addition of electrical energy through the heating 
coil F. In some of the earlier experiments, a mixture of finely shaved 
ice and water was used to obtain a temperature of 0 C. 


2. CALIBRATION OF APPARATUS 
(a) CALIBRATION OF GASOLINE DISPLACEMENT SYSTEM 


The volume of gasoline supplied to the vaporization coil is depend- 
ent upon the displacement of the plunger, upon the size of the drum 
on the clock spindle, and upon the clock rate. The plunger was a 
uniform cylinder of outside diameter 2.540 cm and displacement 
5.067 ml per cm immersion. The clock rate was checked for a wide 
range of weights with each of the fourdrums. For each measurement, 
the torque was computed by multiplying the weight of the plunger 
in grams by the effective radius of the drum in centimeters. The 
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effective radius was taken to be the actual radius plus that of the wire. 
The calibration data are shown in graphical form in figure 4, in which 
the time per revolution, in minutes, is plotted against the torque in 
g-cm. Over a considerable range, the clock rate is constant, but the 
departure from constancy is very marked toward each end of the 
curve. 

Appropriate weights for each drum were computed from the 
torque required for the same clock rate in all cases, namely, one revolu- 
tion in 14.95 minutes. In choosing these values, allowance was made 
for the decrease in torque due to increasing loss of weight with depth 
of immersion. For example, no. 2 drum had an effective radius of 
0.943 cm and with a plunger weighing 1,000 g, the torque equals 943 
g-cm and the clock rate is 14.95 min per revolution. The weight of 
the plunger would have to drop below 500 g before the clock rate is 
affected. If the plunger were immersed to a depth of 25 cm, the 
volume displaced would be 126.7 ml and the loss in weight due to 
buoyancy in a gasoline having a 60 F/60 F specific gravity of 0.720 
would be 91.2 g. This change in weight would not affect the clock 
rate and therefore a plunger weight of 1,000 g is appropriate for use 
with no. 2 drum. Adjustment of the plunger weight with the different 
drums was accomplished by means of lead shot put into or withdrawn 
from the interior of the plunger. In some cases a second wire was 
wound around the drum and thence over an idler pulley to a weight 
to supply an additional load on the drum. 

The volume of gasoline F displaced per unit time, expressed in 
milliliters per minute, is 

F=krDrA (1) 


where D is the effective diameter of the drum in centimeters, r is the 
clock rate in rpm, A is the displacement in milliliters per centimeter 
length of the plunger, while k is a constant equal to 1.000027, to 
transform from cubic centimeters to milliliters, and w equals 3.1416. 
With the present apparatus, r=1/14.95, and A=5.067, so that the 
relation in equation 1 becomes 


F=1.065D (1A) 
The data on the four drums are given in table 3. 


TABLE 3.—Constants of the drums used in the gasoline displacement system 














pram ww 
Number | —— Gasoline displacement = 
| } 
| cm ml/rev | ml/min | g 
Ee ee ghSehsdbhbdnenndincenpenenecn wont } 0. 943 15 | 1. 003 | 1, 500 
SD tbbtudabuptidehtosinabebapiedsbecesbeacenckentiesee bee 1, 885 30 | 2. 006 | 1, 000 
Ear er Teepe ee eT ee eR | 2. 827 45 | 3. 010 500 
Decapesdeatctadsheunshnbushacuguetudesnisdmenshaspawe bien 3. 769 60 | 4. 013 | 500 
» | 





The weight of gasoline displaced per unit time is the product of the 
volume and the density of the gasoline at the temperature existing in 
the reservoir H at the time of displacement. Hence 


W,=Fd (2) 
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where W, is the weight of gasoline in grams per minute and d is the 
density. Values of “the density at the desired temperatures were 
obtained from the measured gravity at 60 F making use of the national 
standard petroleum oil tables,* for the change of density with tem- 


perature. 
(b) CALIBRATION OF FLOWMETER 


The orifices used in the flowmeter were calibrated by comparison 
with a master orifice of known characteristics. The flow of air W, in 
grams per minute is given by the formula 


Wi=kVH (3) 


where k is the orifice constant for air at 25 C and 760 mm pressure, and 
H is the pressure drop across the orifice, expressed in centimeters of 
water. Within the experimental error of the volatility measurements 
k can be considered constant, since the variations in air temperature 
and pressure were small. Data on the five orifices used are given in 
table 4 

TABLE 4.—Constants of the orifices used in the flowmeter 


| Approximate | : 
Number orifice | —. 
|} diameter | rr | 
Inch | | 
1 A a FN i | he 12 | 
TES ON ER SS RTL ONE * 340 2.25 | 
TS ES EET PE EF 1g 4.66 | 
_ a ee: Re A aE Hoe ee OL ee 542 | > a 
SESE PPS a %e | 10.58 | 





The pressure drop H across the orifice to give any desired air-fuel 
mixture for a specific rate of gasoline feed is ; obtained by combining 
equations 2 and 3, which leads to the relation 


y= (“4 sd\? (4) 


where M, is the supplied air-fuel mixture and is equal to W./W,. 
The pressure drop H is the difference in level, in centimeters of water, 
between the two arms of the manometer across the orifice. 


(ec) CALIBRATION OF VAPORIZATION COIL 


The degree of vaporization under flow conditions is a function not 
only of the thermodynamic variables, temperature, pressure and mix- 
ture ratio, but also in general a function of the rate of flow and the 
characteristics of the specific apparatus used. Hence, for vaporiza- 
tion data by a dynamic method to be general and a function of the 
thermodynamic variables only, it is necessary that the apparatus be 

alibrated to evaluate the effect of the rate of flow on the measure- 
ments. With a well-designed apparatus, carefully manipulated, the 
amount of liquid evaporated into the air stream from a constant sup- 
plied air-fuel mixture will vary continuously with the rate of flow 
through the vaporization coil, and the change in the amount evapo- 





4N.B.S. Miscellaneous Publication No. 154, 1924. 
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rated with rate of flow will become successively less as the flow de- 
creases. The value approached with each constant mixture and tem- 
perature as the rate of flow becomes zero is the equilibrium percentage 
evaporated. Hence if the percentages evaporated are measured for 
a number of sufficiently slow rates, which are determined by the par- 
ticular apparatus, the extrapolated value at zero rate of flow is inde- 
pendent of the apparatus and represents the equilibrium value for 
vaporization from the specific mixture being studied at the specific 
temperature. Measurements with other mixtures and at a number 
of temperatures serve to establish the departure from equilibrium 
with this specific fuel under all conditions of use in the apparatus. 
Similar investigations with other fuels are necessary to determine 
whether a general relation for departure from equilibrium can be ob- 
tained which is independent of the particular fuel used. 

An experimental investigation was made of the effect of temperature 
and mixture ratio on the change in the percentage evaporated with 
rate of gasoline flow in the case of a number of gasolines. Tempera- 
tures ranging from +45 to —30C were employed and air-fuel mixtures 
from 0.5:1 to 16:1 were supplied to the vaporization coil. Experi- 
ments were made with 5 fuels and rates of gasoline feed of 1, 2, 3, 
and 4 ml per min were used. Under each set of conditions, the values 
of the amounts evaporated, expressed in weight percent, were plotted 
against the rate of gasoline feed and the line through these points was 
extrapolated to zero rate of feed. This extrapolated value was con- 
sidered to be the equilibrium percentage evaporated. 

A study of the data showed that the departure from equilibrium 
vaporization was independent of the specific fuel, the temperature 
and the supplied air-fuel mixture, and was dependent only upon the 
rate of feed and the percentage evaporated. The following relation 
was found to hold for all of the measurements: 


P=P,(1+0.0125F) (5) 


where P is the equilibrium percentage evaporated and P, is the ex- 
perimentally determined value at the feed F in milliliters per minute. 
The departure from equilibrium vaporization is illustrated graph- 
ically in figure 5, in which deviations from equation 5 are plotted 
against P employing different symbols for the four rates of gasoline 
feed used, approximately 1, 2, 3, and 4 ml per min. The agreement 
of the data with equation 5 is further illustrated in table 5 for fuels 
B3 and 111, in which are recorded values of P at various temperatures 
and with a number of supplied air-fuel mixtures. The values of P 
were computed from the experimental values of percentages evap- 
orated P, by means of equation 5 and hence if the equation is valid, 
P should be constant at each temperature and with each mixture. 
The deviations from constancy are listed in the table and no trend 
of the deviations with either temperature or mixture ratio is noted. 
The grand average deviation from equation 5 is 1 percent evaporated. 
At small percentages evaporated, the departure from equilibrium 
vaporization is less than the average deviation from the equation, so 
that in this range, the results indicate the degree of reproducibility of 
the measurements, which is one unit in the percentage evaporated. 
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Figure 5.—Deviation plot showing lack of trend in deviations from equation 5. 


TABLE 5.—Test of equation 5 for correction to equilibrium vaporization 


(1) DATA FOR FUEL B3 


Feed Pfor | AP | P for, | AP P for Reco 














| AP 2 
M,=4 M,=8 | | M,=12 | AF M,=16 Al 
(a) TEMPERATURE=15 C 
1.003_-- 4 231 =661 msl =n] wr —1.4 82. 1 —1.4 
2.006. hace 46.0] —1.8] 67.0 | —.2 | 77.2 +.1 84. 1 b. ( 
3.010. .... — 48.1 | +.3 | 68. 5 | +1.3 | 78. 5 +1. 4 | 84.3 | +.8 
| eae 50. 1 of Brees! Feaeess RES Oe (REP et! EPR ee 
Average.....-.- 47.8 41.3} 67.2) +8] 771} +10] 83.5] +.9 
: | : : | ; | : } } | 
(6) TEMPERATURE=0 C 
i) 2-1: eee 36.1} +03] 43.6| —1.9 | 53. 2 | 0.0 61.1 +0.4 
Teena 37.3| +15] 429 —2.6 | 50.6| —2.6 61.4 +.7 
3.010 ESSiee se 34.2/ —1.6| 47.2 +1.7 | 55.0] +1.8 9.7 | —1.0 
WR es ot sinus tl 35.7 | —.1] 48.3) +28] 54.1 | +.9 | ree 
S ccevsiilenidiagien ee ee Sees Senn — —| , aoe 
Average......- | 35.8 +9] 45.5) +422 | 53.2) +13] 60.7] +. 7 
(c) TEMPERATURE=—15 C 
‘ Coo aaa amar AEA, ames? 
ae eeert | 14.8 +1.8 | 24. 6 —0.2 | 31.6 —1.8 | 38. 4 | —2,2 
Sia 1.5] —1.5] 24.1 | —.7| 336 +.2 | 42.1 | +1.5 
3.010 13.8 | +.8 | 25.7 | +.9| 33.7 +.3 41.4 | +.8 
rs eae |} ws| -12} m6) —2) 945) 422]. ie > 
Average.......| 18.0} 1.3 4.8) 4.5 | $3.4| +.6 | 40.6}  +1.5 
pe) RPE eles Lele! eae! B46 Ue’ ie rx eed ol 
(d) TEMPERATURE=—30 C 
o> See. as Cae ee | ONS ss Pe WT Ls 
+ Oe Ree 10.3 +0.8 | 15.4 +0.3 | 23.0} +1.3) 30. 0 —0.2 
ETI 8.8 —.7| 127 —2.4 | 23.9} +2.2| 30.5 +.3 
RE sete 81) —14] 17.5 +2.4 | I i ee eee 
SD naga csaacoe 10.7 | +12] 146 —.5 | Bet: wee 
| enailh } a a a ee Te atdienitneindiaen 
| 
Average...-.--- 9.5 | +1.0 | 15.1 | +1.4 | 21.7} +1.7 30. 2 +.3 
| | | 





Grand average deviation=+1.1. 
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TABLE 5.—Test of equation 5 for correction to equilibrium vaporization—Continued 


(2) DATA FOR FUEL lil 









































! - | l - 
. Pfor | . P for = Pfor | . Pfor | : 
Feed M=4 | 4 M.=8 AF M=12| SP | x=16| 4 
sss a eas ee: AE | aos Te bee ei es eee See eee = -- Pees | 
(a) TEMPERATURE=0 C 
NRE NGE ROT | os! -os 86.5| +1.6 4.2) —11| 96.8 ~0.9 
Yea RH Seay 62.2 aod 84. 6 2 94.7 one 98.5 aay 
"Wa ea a Se | 62.8 +7 83.7 =i@ 96.9} +1.6 | 
Average......-- | 62.1 +.5 84.9 | “10]  953] 11] 97.7 +.9 
: PEie awe!) eis, Ce 
(6) TEMPERATURE=—15 C 
SUE: ares Sane | 7 = 
2.006... aries 40.6 1,3 57.3 —=fi6:) 69.2} +0.2 76. 6 —0.8 
i Tr Ee 43.7 +1.8 59. 0 45,9 69.7 | 7 | 78.2 +.8 
Co | SEE I PRE Lasegy 58.6 BS 68.0 26) 
Average.._...- 41.9 +1.1 58.3 | +.7 | 69. 0 +.6 77.4 +.8 
(c) TEMPERATURE=—30 C 
> 006 7 20. 8 | +0. 9 | 27.3 | —0.6 41.6 +0.3 | 52.1 +0.6 
3.010 "| i eed h 26.5 ~t4 40. 4 | 79] 50. 8 7 
Cy Saab ear ee | i.9| —10| 29.9 | +2.0 | 41.8 | ers 
Average__.___-- | 199] +10 27.9 | 41. 3} +6 51.5 L.7 





Grand average deviation=-+0.9. 


Verification of the conclusion that the corrected experimental 
results represent equilibrium conditions, was obtained by experiments 
on pure toluene. In this case, the known molecular weight and vapor 
pressure data permit a computation of the volatility. Determinations 
were made with a considerable number of supplied air-toluene mix- 
tures and at the four temperatures 0, 15, 25, and 35 C. From the 
plot of these experimental data, the temperatures corresponding to 
four resultant air-vapor mixtures covering the range of interest were 
obtained and a comparison is made in table 6 with the calculated 
temperatures. The details of this procedure for obtaining both the 
experimental and calculated values will be explained later in this 
paper. The agreement between the two sets of values substantiates 
the conclusion that, within the experimental error of the measure- 
ments, the corrected results obtained with the Sligh volatility appara- 
tus closely approximate equilibrium conditions. 


TABLE 6.—Comparison of observed and calculated temperatures for various resultant 
mixtures of air and toluene vapor 

















“Za 
1 Observed | Jaleulated | 
Mixture temperature hes temperature | 
Z 
° C | ° C 
ae +<- : 23 25 
12:1_. 17 | 17 
16:1_- 12 12 
, 4 8 & 8 





All values obtained in the study of fuel volatility were corrected to 


equilibrium values by means of equation 5 








72 Journal of Research of the National Bureau of Standards | vol. 1s 
3. GENERAL EXPERIMENTAL PROCEDURE 


The method of using the equilibrium air-evaporation apparatus is 
comparatively simple. In making an experiment, the drum on the 
clock spindle was rotated so as to raise the plunger to the top of the 
reservoir, which was then filled with the gasoline. For most purposes, 
the 2 or 3 ml per min drums were found to be the most convenient. 
After the temperature of the bath was adjusted, the air supply was 
turned on, the manometer head was regulated to the value computed 
from equation 4 for the desired air-fuel mixture and the clock was 
started. A few minutes were allowed for constancy to be attained 
and measurements were then made of the amount unvaporized. 
After several check readings, the experimental conditions were varied 
and other readings were taken. With each fuel, a sufficient number 
of supplied mixtures were employed over a range of temperature to 
cover the desired volatility field. 

In determining the volume of gasoline unvaporized, two different 
sizes of burettes were found to be convenient. For large amounts 
unvaporized, the volume collected per unit time was large and a 
burette of 5 ml capacity was used; whereas, for small amounts unva- 
porized, one of 1 ml capacity was employed. Drainage errors in the 
burette were avoided by starting a stop watch when the liquid passed 
a given mark, by draining the gasoline into a calibrated flask of 1 or 
5 ml capacity until full and then stopping the watch when the menis- 
cus passed the mark on the burette a second time. The accuracy of 
the stop watch was checked periodically. 

It is necessary to know the specific gravities of the original fuel 
and of the residuat liquid after partial vaporization, in order to express 
the experimental results on a weight basis. Accordingly, the specific 
gravities of the original gasoline and of each residue were determined 
at 60 F. by means of a pycnometer. The gravities at other tempera- 
tures were obtained from the national standard petroleum oil tables.* 

The percentage by weight of gasoline evaporated during an experi- 
ment is given by the relation 


Pon, x10 (6) 
where F is the volume of liquid in milliliters supplied per minute, 
computed from equation 1A; d, is the specific gravity of the original 
gasoline at room temperature; V is the measured volume of the liquid 
residue collected per minute; and d, is the specific gravity of the resi- 
due at the temperature of the bath containing the vaporization coil. 
It has been found that the small difference in temperature between 
the residue collected in the burette and that in the bath introduces a 
negligible error. In every case the values of P, were corrected to 
equilibrium values by means of equation 5. 

A —— data sheet indicating the details of computation is shown 
in table 7. 


5 See reference 4. 
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TaBLE 7.—Sample data sheet — fuel S38 
ia | Specific gravity |. | Obs. | Corr. to | Equilib- 
| Sup- 3. of residue | Timer) waisht -| equilib. | riom, 

Tempera-| plied >| Orifice | Pres | ec ollection weight | equilib gevcedat 

ture mixture Feed F sige sure |__ —J of 1 ml of |. Percent | rium, va-| percent 
M | drop H a sf | residue jevaporat-| poriza- | evaporat- 

Byes } 60 F. /60 F t?/ 160 my ed, Po | tion | ed, P 

| 
ME (TEs eed ae Bee <i S faa ~ atoll |— 
oii Inch ae Sec. | | 

15_ 4 3.010 1/8 3.5 0. 765 ae 0. 765 37.6 43.9 | 1.6 | 45.5 
8 3. 010 5/32 6.0 | 772 772 53.3 60. 1 2.3 | 62. 4 
12 3.010 3/T6 6.0 777 | 777 65. 4 | 67.2 | 2. 5 | 69.7 
16 | 2.006 5/32| 10.6 782 782 123.6 73.8 1.8 | 75.6 
G. bscaas 4 3. 010 1/8 3. 5 | . 755 767 30, 2 | 29.9 yh 31.0 
8 | 3.010 5/32 6.0} .763 | 775 35. 2 | 39. 3 | 1.5 | 40.8 
12} 3.010] 3/16 6.0| .765| 777 42.8 | 49.9 | 1.9 | 51.8 
16 | 2.006 5/32 10. 6 | 771 | 783 72.0 } 55.0 | 1.4 45, 4 
a) as 4 3. 010 1/8 3.5 | . 749 | 73 27.4 | 22. 2 s 23.0 
8 3. 010 5/32 6.0 rt 778 29. 0 26.0 1.0 27.0 
12} 3.010 3/16 6.0 758 782 32.8 34.3 | 1.3 35. ¢ 
16} 2.006 5/32 10.6 | 763 86 32. 2 37.7 9 38. 
—30_......] 4 3.010 1/8 3.5 | 739 | 776 24. 2 11.5 | 4 11.9 
8| 3.010 5/32 6.0} .744| .780 26. 0 17.3 .6 17.9 
} 12; 3.010 3/16 6.0 | . 750 | . 786 26.9 19. 4 7 20. 1 

| 16 | 2.006 5/32 10. 6 | . 755 . 791 43.0 23.9 | 6 24 








Specific gravity of original gasoline (77 F/60 F) =0.723. 
VI. METHOD OF TREATMENT OF EXPERIMENTAL DATA 
1. PARTIAL VOLATILITY AND DEW-POINT DATA 


In the preliminary treatment of the experimental data, values of 
the volatility, in terms of the temperature required to produce a given 
resultant air-vapor mixture, were obtained graphically for each such 
resultant mixture. The corrected percentages evaporated were 
plotted against the corrresponding temperatures for each supplied 
air-fuel mixture and smooth curves were drawn through the points. 
This gave a temperature-percentage evaporated curve for every 
supplied mixture. The percentage evaporated P which would produce 
a given resultant air-vapor mixture M, from each supplied mixture 
M, was computed by means of the relation 


el M, 
f=O01 M , 


~J 


Values of P thus computed were used to locate temperatures on the 
supplied mixture curves, corresponding to the various resultant 
mixtures of interest. Smooth curves were then put through these 
points, so that a temperature-percentage evaporated curve was 
obtained for each desired resultant air-vapor mixture. 

A sample diagram is shown in figure 6 for fuel S1. The circles 
represent the experimentally observed values corrected to equilib- 
rium by means of equation 5. The continuous lines through these 
points correspond to the four supplied air-fuel mixtures of 4:1, 
8:1, 12:1, and 16:1. The dotted lines indicate temperatures along 
resultant air-vapor mixture lines of 8:1, 12:1, 16:1, and 20:1. From 
equation 7, it is found that a 20:1 resultant mixture will be formed 
from a 16:1 supplied mixture when 80 percent of the fuel is evaporated. 
The same resultant mixture will be formed from an 8:1 supplied 
mixture at 40 percent evaporated and from a 4:1 mixture at 20 per- 
cent evaporated. By drawing a smooth curve through these points 
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corresponding to the same resultant mixture, it is possible to deter- 
mine the temperatures at various percentages evaporated which will 
produce this constant air-vapor mixture. Thus at 80 percent evapo- 
rated, a temperature of 24 C is required to produce a 20:1 air-vapor 
mixture. At temperatures below this, at the same percentage 
evaporated, leaner mixtures are formed; at higher temperatures, the 
resultant mixtures are richer. 
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Figure 6.— Volatility curves for fuel S1. The solid lines correspond to desig- 
nated air-liquid fuel ratios, while the'dashed,lines correspond to designated air- 
vapor ratios. 


The dew points of the various mixtures are the intercepts of the 
extrapolated mixture lines with the vertical line of 100 percent 
evaporated. Each intercept is rendered more certain by the fact 
that analogous supplied and resultant mixture lines must intersect at 
the dew point, which essentially amounts to a double smoothing of 
the data, thereby increasing the accuracy. Thus, with reference to 
figure 6, the continuous and dotted lines for 16:1 supplied and result- 
ant mixtures respectively cross at 100 percent evaporated at a tem- 
perature of 35 C, which is the 16:1 dew point of this gasoline. 











~ 


Bridgeman) Equilibrium Volatility of Motor Fuels 75 


Plots similar to that shown in figure 6 were made for each fuel 
studied. The evaluation of the bubble points of these mixtures will 
be discussed in the following section. 

While the method outlined was fairly satisfactory for the evalua- 
tion of the volatility data from the experimental results, two graphical 
smoothings of the data were involved and there was some latitude 
for personal judgment in drawing the curves. Accordingly, it was 
considered desirable to develop a method in which all of the points 
on each fuel would be considered simultaneously in drawing any one 
line. Inspection of the original curves for the entire set of data on the 
38 fuels showed that the difference in temperature between any two 
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Fiagure 7.—Curve showing differences in temperature between lines for various 
resultant air-vapor mixtures. 


resultant mixtures lines from 8:1 to 20:1 was the same at every 
percentage evaporated and for each gasoline studied, the average 
deviation from constancy being considerably less than 1° C. 

The differences in temperature between various resultant air-vapor 
mixture lines are shown in figure 7, referred to a 16:1 mixture as 
standard. Thus, if the temperature on a 16:1 mixture line at 90 
percent evaporated is 40 C, the temperature on a 20:1 line at the 
same percentage evaporated will be obtained by adding — 4° C, giving 
36 C. On the other hand, if the 16:1 temperature at 10 percent 
evaporated is —20 C, the 8:1 temperature at 10 percent evaporated 
will be (—20+13) °C or —7 C. Values for other mixtures at any 
percentage evaporated can be obtained in a similar manner. 
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The constant temperature difference between any two resultant 
mixture lines, over the range of interest, made it possible to trans- 
form all of the data on any one gasoline to temperatures along a 
16:1 resultant mixture line. Thus, for each experimental value of 
supplied mixture and percentage evaporated, the value of the resultant 
mixture formed was computed from equation 7. Then by means of 
the curve in figure 7, the experimental temperature to which the 
above data apply was corrected to the value corresponding to the 
16:1 resultant mixture at the same percentage evaporated. For 
example, assume that the equilibrium percentage evaporated is 80 
percent at 50 C when supplying a 16:1 air-fuel mixture. From 
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FicureE 8.—Volatility curve for resultant mixture containing 16 parts of air and 1 
part of fuel S3 by weight. 


equation 7 the resultant air-vapor mixture, Mz equals 20:1, and from 
the curve in figure 7, the temperature difference between a 20:1 
and a 16:1 resultant air-vapor mixture is 4° C. Therefore at 80 
percent evaporated, a 16:1 resultant mixture would be formed at 
50—4° C=46C. 

Temperatures, thus corrected to values on a 16:1 resultant mixture 
line, were plotted against the corresponding percentages evaporated 
and a smooth curve was drawn through these points. An example 
is shown in figure 8 for fuel S3. The value at 0 percent evaporated 
was obtained in a manner described in the following section. Similar 
curves were drawn for the 38 fuels and the temperatures at every 
10 percent evaporated from 10 to 100 percent inclusive read from 
these curves are shown in table 8. The values from 10 to 90 percent 





> Poo hos 
Se Se > 


101 


ol; 
po 


ge 
ex 
ibl 
Bu 
of 

mc 
bu 
de 
th 








Bridgeman] Equilibrium Volatility of Motor Fuels V7 


represent partial volatility data while the temperatures at 100 
percent evaporated represent dew points. The dew-point values 
for fuels 1A, 2A, 3A, and 4A are in parentheses, because these values 
—, obtained by extrapolation over a much longer range than 
usual. 


TABLE 8.—16;1 temperatures from experimental curves, °C at stated percentages 
evaporated 


Fuel 10 20 30 40 | 650 60 70 80 | 90 |; 10 


1 15 23 29 34 39 43 48 5 5 59 
a 4 | 19 29 35 40 44 47 0 53 5¢ 
1A —5 5 13 20 27 33 38 44 49 (54) 
re —1 | 8 16 23 29 3 39 44 49 (53) 
3A i 1 10 17 23 29 34 39 44 48 (53) 
PS RES 2 ll 18 23 29 33 37 41 45 (49) 
a a ee —8 5 15 20 25 31 36 43 49 56 
B ween —17 —s —4 ~) 1 4 6 9 il 14 
( bi os —13 3 4 9 13 17 22 27 33 10 
D 2 8 12 15 17 | 20 25 3 45 

Se ee —2 | 9 17 | 22 27 33 39 45 51 8 
eee see —10 |} 10 2¢ 36 42 46 0 2 5 7 
PE —3 ) 1} 16 | 20 | 24 27 31 34 37 
EER Eee 17 18 19 20 21 22 23 24 25 27 
RP( —15 —] 10 19 27 34 40 | 47 | 3 9 
2 —20 —12 —5 | 2 9 17 26 | 36 | 46 56 
6 5 12 18 22 27 32 36 | 41 47 53 
G —2 0 2 5 | 8 | 12 17 24 24 44 
H 11 3 { i) 14 20 27 34 42 0 
I —10 —6 —5 —4 0 6 14 23 33 44 
J —22 —7 6 16 26 3 42 0 8 f 
K —15 4 4 11 | 17 23 8 33 38 42 
M 2 16 26 32 38 45 2 | 9 67 7 
N 7 17 24 31 | 38 13 49 | 4 59 fi4 
5... -2 1 20 28 35 41 47 52 58 63 
B3 —15 —9 —4 0 5 9 13 L¢ 20 24 
101 —34 —3l —29 — 26 —24 —21 _ 4 ) 4 
111 —26 2 22 —20 —18 —16 —13 10 - l 
2 —14 —13 —12 —12 1! 10 —6 4 —1 
Sl —15 f > 8 13 18 23 27 31 

$2 —15 7 0 6 ll 16 21 26 1 

SESS: 19 11 5 0 6 11 17 22 28 4 
84 —23 —14 7 1 4 10 15 | 27 ; 
N —226 —17 10 —4 1 6 12 | 25 31 
S6_- —30 2 19 —14 -§8 —2 f 12 20 28 
EBI —30 —27 —23 —18 —12 —4 l 5 8 10 
EB2. —35| —34 —33 31 9 —24 —17 iff 2 s 
EB3 =. —38 —38 —38 —38 —37 —37 —36 —32 —9 0 


A 16:1 air-vapor mixture was chosen as a standard of reference 
since it is essentially the leanest mixture which it is feasible to employ 
in the engine. However, the method works equally well for other 
reference mixtures from 4:1 to 20:1, which covers the range of interest 
in automotive work. 

2. BUBBLE-POINT DATA 


When the curve representing any given air-vapor mixture is extrap- 
olated back to cut the vertical line of 0 percent evaporated, the 
point of intersection is the bubble point and represents the limiting 
temperature below which this given mixture cannot be formed. In 
general, the determination of bubble points of air-vapor mixtures by 
extrapolation of these equilibrium air-evaporation curves is not feas- 
ible, due to increasing curvature at smaller percentages evaporated. 
Bubble points may, however, be computed from the vapor pressures 
of the gas-free gasolines over a range of temperatures and from the 
molecular weights of the hydrocarbon vapors present in the small 
bubbles which form in the gasolines at the bubble points. Direct 
determination of the molecular weights of the vapors formed under 
these conditions is difficult so an indirect method was employed 
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involving computation from measurements of the molecular weights 
of the liquid residues at various percentages evaporated obtained by 
means of the equilibrium air-evaporation apparatus. 

From the 16:1 air-vapor curves of the fuels studied, the tempera- 
tures were read at 20, 40, 60, and 80 percent evaporated. Then using 
equation 7, the air-fuel mixtures which must be supplied in each case 
to produce a 16:1 resultant mixture were computed. With every 
fuel, each computed air-fuel mixture was run through the equilibrium 
air-evaporation apparatus at the appropriate temperature to give the 
desired resultant mixture at the chosen percentage evaporated. About 
50 ml of residue was collected under each set of conditions and the 
molecular weights of these samples and of the original gasolines were 
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Figure 9.— Molecular weight curves of liquid and vapor for fuel A at various per- 
centages evaporated. 


determined by measuring the lowerings in the freezing point of pure 
benzene on addition of known amounts of the residues. These data 
were then plotted against the percentage evaporated and a smooth 
curve drawn through the plotted points, as illustrated in the upper 
curve of figure 9 for fuel A. From this curve, the molecular weights 
were obtained at 5 percent evaporated and thereafter at every 10 
percent evaporated up to 60 or 80 percent, and were used to compute 
the molecular weights of the vapors formed under each set of condi- 
tions. 

Since the number of moles of gasoline in the residue plus those of 
the vapor in the resultant mixture at any percentage evaporated 
are necessarily equal to the number of moles of gasoline supplied, it 
follows that 

100 — 2k WOO , 
M, *M,~ Me ®) 


6 Bridgeman, SAE Jour., Nov. 1928, p. 478. 
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where P is the percentage evaporated by weight, and M,, M,, and 
M, are the molecular weights, respectively, of the liquid residue, of 
the vaporized fuel, and of the original gasoline. 

Rearranging equation 8, it becomes 


M, 
M,= 100. aM (9) 
P M, 


where AM=M,—M,. For each value of the molecular weight of 
the residue, M,, obtained from the curve, the corresponding value 
of the molecular weight of the gasoline vapor, M/,, at the same per- 
centage evaporated, was computed from equation 9. For example, 
if the molecular weight of the original gasoline is 100 and the molec- 
ular weight of the residue at 50 percent evaporated is 120, then 
AM =20, and M,=120/1.4=86 at 50 percent evaporated. 

The computed values of the molecular weights of the vapors 
were plotted against the percentage evaporated and a smooth curve 
was drawn through the points, as illustrated in the lower curve of 
figure 9. The extrapolated value at 0 percent evaporated is the 
desired molecular weight of the vapor in the first small bubble which 
forms in the gasoline under equilibrium conditions corresponding to 
a 16:1 resultant air-vapor mixture. 

The next step is the determination of the bubble point tempera- 
ture, which involves a knowledge of the gasoline vapor pressure 
necessary for the formation of a 16:1 resultant mixture. Assuming 
that both the gasoline vapor and the air obey the perfect gas laws, 
which is closely true, then 


p,_ WM, 
Dr WeM, (10) 


where p, and p, are the respective partial pressures of air and fuel 
vapor in the resultant mixture, expressed in millimeters of mere ury 
W, and W, are their respec tive masses in grams; and M, and M, 
are their respective molecular weights. Further, since the total 
pressure of the mixture is 760 mm of mercury 


Pa= 160 — py. (11) 
Combining equations 10 and 11, and substituting the resultant 


mixture ratio M, for W,/W,, there results 


pee. ee (12) 


Substituting 16 for Mp and taking the molecular weight of air as 
28.96, the relation becomes 


i 760 - 
Pr™T+0. ).553M, (19) 


64093—34——-6 
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Using the molecular weights of the gasoline vapors, M,, obtained 
from the extrapolated molecular weight curve for each fuel, the 
values of the vapor pressures of the gasolines, pp, necessary to ‘form 
16:1 air-vapor mixtures in the small bubbles were computed from 
equation 13. 

The last step involves the evaluation of the temperature with 
each gasoline at which the vapor pressure has the value computed 
above. For this purpose, the gasolines were dried and freed from 
dissolved gases and their vapor pressures were measured over a 
range of temperatures under conditions such that a small bubble 
of vapor was present in each case. The details of the methods used 
in the preparation of the gasoline samples and in the vapor-pressure 
measurements will be presente ed in a later paper.’ It was found 
that the vapor-pressure data on each gasoline could be accurately 
reproduced by an equation of the form 


logioxy 5-4 1-7 7 (14) 


where 7’ is the temperature in absolute centigrade degrees corre- 
sponding to the vapor pressure p, in millimeters of mercury; 7), is 
the temperature in absolute centigrade degrees at which the vapor 
pressure is equal to 760 mm of mercury; and A is a specific constant 
evaluated from the data on each fuel. Using the values of p, 
obtained from equation 13 and the appropriate values of the con- 
stant A, equation 14 was used to compute the desired bubble point 
temperatures (7’'— 273.1) corresponding to 16:1 resultant mixtures of 
air and vapor from the various gasolines. 

An example for fuel A wiil illustrate the method of computation. 
From the curve of molecular weight of the vapor in the 16:1 resultant 
air-vapor mixture, the value of the molecular weight at 0 percent 
evaporated is found on extrapolation to be 68. Substituting this 
value for M, in equation 13, the partial pressure p, of gasoline 
vapor in the mixture is computed to be 19.7 mm of mercury. From 
vapor pressure measurements on this fuel, the temperature at which 
the vapor pressure equals 760 mm is 74.0 C, and the constant A 
equals 3.87. TJ, is therefore 74.0+273.1=347.1 K. Substituting 
these values for p,, 7, and A in equation 14, 7 is found to be 246 K. 
The desired bubble point is then equal to 246 —273 = —27 C. 

Molecular weight and vapor pressure data were obtained on 5 
gasolines and their 16:1 bubble points evaluated in the manner 
indicated are given in table 9. 


TABLE 9.—Evaluation of 16:1 bubble points 


Molecular Partial 
"eig | . 7 | y € | 
. weight of pressure of | Normal | lv Spor pres-| |16:1 bubble 
Fuel vapor for | waaciine | bubble | sure con- aint 
16:1 mix- | vapor DP | point | stant A I 
ture, Mr . 2 
_ = _ = _| —_—_—___ —— | —_——_—__— - Sees — 
| Lc ME. rue 
A iach staat Rit cde 68 | 19.7 | 74.0 | 3.87 | —27 
B ‘ ee Ee 68 19.7 | 63.0 | 3.97 | —33 
Pnicttahete Pivinsgiebtenapata. scanned jee ain 68 | 19.7 | 68.7 | 3. 96 —29 
Re es ces 66 20. 3 | 55. 4 | 3. 84 | —40 
BM.i:2. REIT PORE AY Sl ae 76 17.7 | 88. 7 | 3. 96 | —16 
L 


| 
| 2 


? Preliminary information is given by Bridgeman, ‘Aldrich, and W hite, SAE Jour., p. 488, May 1929; 
and AFA. Bull., section 3, p. 4, Jan. 2, 1930. 
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VII. CORRELATION OF VOLATILITY DATA WITH A.S.T.M. DISTIL- 
LATION DATA 


1. PRELIMINARY METHOD OF CORRELATION * 


Although the equilibrium air-evaporation apparatus seems to be 
satisfactory for the determination of gasoline volatility, nevertheless 
it is not convenient for testing a large number of gasolines rapidly, 
due to the time required in obtaining complete information on each 
sample. On the other hand, the A.S.T.M. distillation test is simple, 
reproducible and in cOmmon use, so that an attempt was made to 
interpret the A.S.T.M. evaporation curves in terms of volatility, on 
the basis of the data obtained on the 38 diverse fuels. 

A scheme of correlation of the results obtained by the two methods 
is suggested by the Clapeyron equation for pure substances which is 


App _ L . 
aT ~TV,-V5 oe 


where p, is the vapor pressure at the temperature 7 in absolute 
degrees; Z is the latent heat of vaporization per mole; V, is the 
molal volume of the vapor and V, is the molal volume of the liquid. 

For the conditions involved in the present work, where the pressure 
is below atmospheric, the volume of the liquid is negligible in com- 
parison with that of the vapor and it can be assumed without much 
error that the vapor obeys the perfect gas law, namely, p,V,=RY7, 
where F is the gas constant per mole. Under these conditions, the 
Clapeyron equation 15 becomes 


b te. LL 


p, aT RT (39) 


Integration yields the relation 


Sere set. Ty a 
logesgo~ RT| } | (17) 


where L is assumed to be independent of temperature and 7’, is the 
boiling point in absolute degrees corresponding to a pressure of 760 
mm of mercury. Experimental evidence has shown that L/RT, has 
approximately the same value for substances like the hydrocarbons, 
which have similar properties, so that it can be replaced by the 
symbol a. In this case, equation 17 becomes 


y Pr = _ T, (1° 
logew eo af 1 7 (18) 


If a mixture of hydrocarbon vapor and air in a space of volume V 
are both assumed to obey the perfect gas law, then 


p,= W,RT/M,V (19) 
Dr= W,RT/M,V (20) 


* See reference 3; also, Bridgeman, A.P.I. Bull., section 2, p. 124, Jan. 3, 1929; and SAE Jour., p. 137, 
August 1929, 


and 
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— 


where p, and p, are the respective partial pressures in millimeters of 
mercury of the air and hydrocarbon vapor in the mixture; W, and W, 
are their respective masses in grams; M, and M, are their respective 
molecular weights; V and 7’ are the volume and absolute temperature 
of the mixture; and F# is the gas constant per mole. Combination of 


equations 19 and 20 gives 


p,_W.M, ) 
>, W,M, (21) 


Further, if the total pressure of the mixture is one atmosphere or 
760 mm of mercury, then 


Pat Pr= 760 (22) 


Substituting in equation 21 the value (760—p,) for p,, and the mix- 
ture ratio Mp, for W,/W,, there results 


760 M, 
— => -- . - 99) 
~" 1+M, M, (23) 
Taking logarithms of both sides, equation 23 becomes 
or Pr = — y A. MM, 9 
log, 760 log, I i M, M, (24) 


A combination of equations 18 and 24 gives 


7 y / 
a I _ 7 | — log, [ + M, sa =—23 logio| 1 +M, | 


which on rearrangement becomes 


, “i : 
— =1+ 23 logio| 1 +M,- 7 

The average molecular weight of the hydrocarbons in gasoline is 
about that of octane, namely 114, so that MM, can be replaced by 
(114+AM,), where AM, is the difference in molecular weight of 
octane and any other hydrocarbon which might be considered. The 
average molecular weight of air M, is 28.96 and confining attention 


to a 16:1 resultant mixture M,, equation 25 can be written 
2 2.3 . 
am =14 logi| 1+0.553(114 + AM,) 
T's6 ” eee. 


where 7), is the temperature in absolute degrees corresponding to a 
resultant 16:1 mixture. 
Rearranging, 


Ab . 23 
T= + 2? . + ry logio (1+ 0.0086AM,) 
16 





ia se i ee ee oe dk 


Cam ma as 
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For normal paraffin hydrocarbons, 2.3/a is approximately equal to 0.2 
so that the equation becomes 
T; a ‘ / mr a on 
=p = 1.36 + 0.2 logy (1+0.0086AM,) (26) 


16 


The temperature ratio 7',/7T\, in equation 26 is equal to 1.36 in the 
ease of octane, since AM,=0. For nonane, AM,=14, in which 
case 7’,/7\, equals 1.37. , It is seen that 7’,/7\, 1s essentially constant 
for hydrocarbons having a molecular weight close to that for octane 
and that the ratio is not very sensitive to changes in molecular weight. 

With a group of similar gasolines, the molecular weights of the 
vapors in 16:1 mixtures should not be very different at the same per- 
centage evaporated. Under these conditions, equation 26 suggests 
that the ratio of the absolute A.S.T.M. evaporation temperature to 
the absolute temperature of a 16:1 resultant mixture should be essen- 
tially constant at the same percentage evaporated. The ratios 
would, however, be different at each constant percentage evaporated. 
Accordingly, the ratio T'agrm/Tis was evaluated for each of the 38 
fuels at every 10 percent evaporated from 10 to 90 percent inclusive. 
At each constant percentage evaporated, the ratios were found to be 
approximately constant, as can be seen by comparing the average 
ratio at the bottom of the columns in table 11 with the observed 
values. 

The correlation of dew point values with the A.S.T.M. data in the 
manner outlined above for partial volatility data is not feasible. It 
is impossible to obtain directly the temperature at 100 percent evapo- 
rated on the A.S.T.M. evaporation curve in the case of those gaso- 
lines which cannot be distilled dry, and it is impracticable to obtain 
this temperature by extrapolation due to the increasing curvature 
of the evaporation curve near the end point. Further, the tempera- 
tures recorded by the distillation thermometer near the end point 
are subject to considerably larger experimental error than are those 
between 10 and 90 percent evaporated. It was observed, however, 
that the 16:1 dew points were closely related to the temperatures at 
90 percent evaporated on the A.S.T.M. evaporation curves. For 
each gasoline, the 90 percent point in absolute degrees was divided 
by the 16:1 dew point in absolute degrees and the ratios J'y9,/Tpr16 
were found to be fairly constant, as can be seen from table 12, where 
the average ratio is given at the bottom of the column of observed 
ratios. 

In correlating the bubble points with the A.S.T.M. data, the 
temperatures at 0 percent evaporated on the A.S.T.M. evaporation 
curves cannot, in general, be determined. There is ordinarily some 
distillation loss, so that the initial boiling point of the gasoline becomes 
the temperature at some percentage higher than 0 percent evaporated. 
Further, extrapolation to the temperature at 0 percent evaporated 
is not feasible, due to the increasing curvature at small percentages - 
evaporated. Work on vapor pressures of gasolines indicated that 
there was a relation between the vapor pressure data and the A.S.T.M. 
evaporation temperatures at 10 percent evaporated, and this suggests 
an analogous relation for bubble points of 16:1 air-vapor mixtures. 
Accordingly, for each fuel the 10 percent point in degrees absolute 
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was divided by the 16:1 bubble point in degrees absolute and the 
ratios T\oc;/Tsn.6 were found to be very constant for the 5 fuels 
studied, as seen from table 13. 

It should be pointed out that, while the A.S.T.M. and volatility 
data were compared at the same numerical percentages evaporated, 
the A.S.T.M. evaporation data are expressed in terms of volume 
percent, whereas the volatility data are expressed in terms of weight 
percent. The difference between the two types of percentage is 
appreciable, but not very large, and a correction to a common basis 
could be made if the density of the distillate in the A.S.T.M. tests 
were determined for a number of percentages evaporated. Since 
this requires additional experimentation and'since each of the two types 
of percentage are in extensive use, the comparison was made in the 
somewhat illogical manner using the accepted variables, thereby 
permitting an interpretation of the A.S.T.M. evaporation curves 
directly in terms of the temperatures corresponding to various 
resultant air-vapor mixtures. 


2. FINAL METHOD OF CORRELATION ® 


(a) GENERAL METHOD 


A study of the temperature ratios showed that there was a trend 
with the volatility of the gasoline. Thus, for example, the ratios 
for a natural gas gasoline were lower than those for U.S. motor gaso- 
line. This could be predicted from equation 25, for the molecular 
weights of the vapors from the two types of gasolines will differ con- 
siderably. Further, the constant a becomes smaller as the molecular 
weight M, decreases. Equation 25 could be modified to take into 
account the variation of @ with molecular weight in the case of pure 
hydrocarbons, but the application to the volatility data would be 
involved since the molecular weights of the vapors in air-gasoline 
mixtures are, in general, not known and thei determination is 
difficult. Accordingly, a different type of relation was deduced for 
pure hydrocarbons. 

From the data of Young on the boiling points of pure hydro- 
carbons, use was made of the vapor pressure equation of Cragoe " 
to calculate the temperatures at which the vapor pressures corre- 
sponded in each case to a 16:1 air-vapor mixture, as given by equation 
13. These data are tabulated in table 10. Values of t,—tg were 
computed and it was found that these values could be expressed as 
a function of t, by means of the equation t,—t.=65+t,/3 which on 
arranging becomes 

Q2¢ 
. =1.5- —4 (27) 
16 16 


This equation relates temperature ratio and volatility, but does not 
take into consideration the fact that the distillation curve for a pure 


hydrocarbon is a straight horizontal line, while that for a gasoline 
in general shows curvature over the whole distillation range. 





° Briefly described by Bridgeman, SAE Jour., p. 345, October, 1929. 
10 Young, Proc. Royal Irish Acad., vol. 38, 65, 1928. 
ii Cragoe, Int. Crit. Tables, vol. 3, p. 228, 1928. 
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TABLE 10.—16:1 Temperatures for pure hydrocarbons 


16:1 temperatrue 16:1 temperature 


| l l 
| } 
PBs aaah ra 
Hydrocarbon | inte | | | Hydrocarbon | “Sint” | e 
= Cragoe | Equation | | | Cragoe | Equation 
| equation 27 i | | equation | 27 
rs ee ee ee ee ee eee (eee eae ae . 
ae i a a” | e¢ | *¢ | e¢¢ 
CyHho- - -- —1.0 | —67 | SS to | 149.8 | 35 35 
CsHi2- - 36.1 | —42 | —41 || CioHo2--.---- ‘alte 173. 2 | 51 50 
CsHus- ne ee 68.8 —20 | —19 || Cr Ha--..--- ‘i 194.7 66 65 
Te 98. 4 | 0 Dot “Saeae wee 79 78 
OS AE PRES | 125. 3 } 19 18 + 233. 9 92 91 
| | 
| 





It seemed apparent that, in the limiting case of zero slope, a general 
relation for the temperature ratios of gasolines would reduce to 
equation 27. Thus, the relation for gasolines would be of the general 
form 


Lastm =] 5— a4 
‘yy an 2 ot 7 
1 


16 


- (28) 
16 

where C is a function of the slope of the A.S.T.M. evaporation curve 
and of the percentage evaporated, and reduces to 39 for pure hydro- 


carbons. 
(b) APPLICATION TO PARTIAL VOLATILITY DATA 


Analytical treatment of all of the partial volatility data on the 38 
fuels showed that the parameter C of equation 28 could be expressed 
by means of the relation 

> 
O _ 460 S . loge] +39 (29) 
where S is the slope of the A.S.T.M. evaporation curve at any given 
percentage evaporated P. The slope is expressed in terms of degrees 
centigrade change per unit change in the percentage evaporated. 

When S=0, the first term of equation 29 drops out leaving C=39, 
regardless of the percentage evaporated. This is the condition for 
pure hydrocarbons. When P=50, the first term again drops out 
leaving C=39, this time independent of the slope. This deduction 
from the equation appears to be accurately substantiated by the 
experimental data, namely, that with respect to temperature ratios 
over the range from 8:1 to 20:1 along a line of 50 percent evaporated, 
a gasoline behaves as if it were a pure hydrocarbon with a boiling 
point equal to the A.S.T.M. 50 percent point. 

The slopes of the A.S.T.M. evaporation curve at every 10 percent 
evaporated from 10 to 90 percent were obtained for each fuel from the 
plotted curves, and the value of Ts74/7is was computed for every 
point according to the relation in equations 28 and 29. These com- 
puted ratios are compared in table 11 with the ratios obtained from 
the experimental volatility data. The observed ratios are shown in 
the upper row of figures for each fuel and the computed ratios in 
the lower row. 











S86 —_ Journal of Research of the National Bureau of Standards  {vol.1s 


TABLE 11. 


—( ‘omparison 


Fuel number 
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1 The upper row of figures for each fuel is the observed ratio; the lower row, the calculated. 


407 
407 
427 
418 
412 
405 
414 
414 
414 


414 
410 


405 


410 | 


of observed and calculated temperature ratios for 16:1 
tures 


460 
460 


ee ee ee ed ed el ed el aan onl on 


. 440 
436 
444 


450 


426 


Qe meh femal eh fem fem eed fem feeb eh beh feet eel Peel ehh fehl sh beh eh eh Sh fh eh fh fe fee fh fees ed fee feed ed fet ed fed ed 











Bridgeman] Equilibrium Volatility of Motor Fuels 87 


The effect of slope of the A.S.T.M. evaporation curves at the 10, 
50, and 90 percent points on the temperatures of 16:1 resultant mix- 
tures is shown in figure 10 for three hypothetical fuels which have 
identical A.S.T.M. temperatures at these three points. At the 10 
percent point, fuel I, with the largest slope, shows a 16:1 temperature 
6° C. higher than fuel III with the smallest slope; at the 50 percent 
point, all three fuels have the same 16:1 temperature regardless of 
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FicurE 10.—Volatility and A.S.T.M. evaporation curves for 3 hypothetical fuels 
showing the effects of variation in slope of the A.S.T.M. curves at 10, 50, and 90 
percent evaporated. 


the slope; and at 90 percent, fuel I, with the largest slope, shows a 
16:1 temperature 15° C. lower than fuel III, with the smallest slope. 

The types of volatility curves obtained with aviation fuels, benzene 
blends and ethyl ether blends are shown respectively in figures 11, 
12,and 13. In each figure, the upper set of curves are the A.S.T.M. 
evaporation curves of the fuels, while the lower set are volatility 
curves representing the temperatures corresponding to 16:1 resultant 
air-vapor mixtures formed from the above fuels. Descriptions of 
these fuels, including the composition of the blends, have been 
given in table 1. 
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(c) APPLICATION TO DEW-POINT DATA 


In the preliminary correlation of the dew points with the A.S.T.M., 
data, it was found that a relation existed between the dew-point 


a 


temperatures and the A.S.T.M. evaporation temperatures at 90 
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Friaure 11.—Volatility and A.S.T.M. evaporation curves for aviation fuels. 


percent evaporated. Accordingly, the following relation analogous 
to equation 28 should hold for dew points. 


T 0% =15 C (30) 


777 "FA 
Torr, Tovig 
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where the temperatures are in absolute centigrade degrees, and C is a 
function of the slope S of the A.S.T.M. evaporation curve at the 90 
percent point, expressed as degrees centigrade change per unit change 
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Figure 12.—Volatility and A.S.T.M. evaporation curves for benzene blends. 
ha percentage evaporated. The relation between C and the slope 
is 
C= —10¥S+39 (31) 


Equations 30 and 31 may be combined and rearranged to give 


1.5 torig = tom — 10-¥S +39 (32) 
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where the temperatures are in centigrade degrees. These equations 
are applicable to pure hydrocarbons, conditioned by S=0. 

For each gasoline, the value of the ratio Ty, / T'p»,, was computed 
using equations 30 and 31. These computed ratios are compared in 
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Figure 13.—Volatility and A.S.T.M. evaporation curves for ethyl ether blends. 
table 12 with the ratios obtained from the experimentally determined 
dew points. The data for fuels 1A, 2A, 3A, and 4A, are shown mn 
parentheses, because they were obtained by extrapolation over a 
much longer range than usual. 
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TABLE 12.—Dew-point data for 16:1 mixtures 











! 
| | T%/T'd Py, | Difference 
} = ________| between 
ae 90 percent] a, | | | observed 
Fuel number | point Slope | | and calcu- 
| | Observed | Calculated | lated tem- 
| | perature 
| | | 
sae aes cee aaa On | 
| 
| | , * 
es eaten : | 199 74 1. 422 | 1. 426 | 1 
Bo ons 4 195 2.4 | 1. 423 | 1, 427 | 1 
Re : 4 197 2% | 1, 429 | 1. 425 | —1 
LA. ~ LOPES ESE SERRE 195 26 (1. 431) | 1, 431 | 0 
1 ESR RAE. Spe. 5 aes ane ee eerets 195 27 | (1. 436) 1.431 | 1 
3A. J 193 | 2.4] (1.430) 1. 426 | —1 
4A. 186 | 2.3 | (1. 426) 1. 426 0 
RR AIRERRRE Rind: BRS SESS | 196 | 2.3 1. 426 1. 426 | 0 
EE ESS EE SS a eS 132 | 1.7 1.411 1. 406 | —] 
Re Re SO te TRS _| 174 | 3.2 1. 428 1. 428 ( 
RE ESE 5 ee ee eee 200 | 5.4 | 1. 434 | 1. 447 | 3 
} p ee. _| 199 2.4 | 1, 426 1. 426 | 0 
_ EES Ee CNS saa Sor ony 198 | 2.0 | 1. 428 1, 424 1 
RH x ; mee 168 | 291 1. 423 1. 419 —1 
A Real Se Sein AS eee 152 | 1.8 | 1.417 | 1.417 0 
6 -| 190 | 2.5 | 1, 420 1.424 
G ; 178 | 3.2 | 1. 423 1. 432 2 
> Re 186 2.5 | 1.421 1, 425 1 
ee 177 3.4 1. 420 1. 429 2 
ER TOES EN Oa 198 | ew 1. 419 1. 423 1 
i... 207 | 2.0 1. 420 1. 424 | 1 
K 176 | 2.2 1. 425 1. 421 | 1 
N 204 | 1.7 1.415 | 1. 419 | 
O 200 | 1.7 1, 408 | 1. 420 
M 222 3.0 1. 423 | 1.435 
B3 148 2.0 | 1. 418 | 1.418 0 
101 F 106 2.5 1. 409 1. 409 0 
11 115 2.5 | 1. 416 1.411 i 
21 i 110 | 28 1. 408 1. 408 0 
| Rar eae Ve 165 | 1.7 | 1, 422 1. 413 
S2 abana 166 1.8 1. 425 1. 416 2 
83 "i 161 2.0 1. 414 1. 418 1 
S4 161 2.4 | 1. 418 1. 423 1 
S 159 2.5 | 1, 421 1. 421 0 
ees 154 2.8 | 1.419 1, 423 1 
I 128 1.8 | 1.417 1. 407 —2 
EB2 124 | 2.1 1, 413 1. 413 0 
3 112 | 3.8 | 1, 410 1. 420 2 
Average observed ratio= 1.421 
Grand average deviation=-_-_..........-- Co EM. BPR Shee TR, te A Se Geeternns 1.0 


The effect of slope is illustrated in figure 14 for three hypothetical 
fuels having the same 90 percent point, slopes varying from 0 to 5.0. 
The fuel with the greatest slope has a dew point 13° C lower than the 
fuel with zero slope. 


(d) APPLICATION TO BUBBLE-POINT DATA 


In accordance with the preliminary relation found between the 
16:1 bubble points and the temperatures at 10 percent evaporated on 
the A.S.T.M. evaporation curves, equation 28 becomes for bubble 
points: 


a hl CO 
10% tl {9° 

bE i = 1.5- T (33) 
BP16 BPi6 


where the temperatures are in absolute centigrade degrees. The 
relation between C and the slope of the A.S.T.M. evaporation curve 
at the 10 percent point is as follows: 


C= —10V¥S+39 (34) 
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[t is interesting that equation 34 is formally identical with equation 
31, relating C and S at the 90 percent point in the evaluation of dew 
points. 
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Ficure 14.—Volatility and A.S.T.M. evaporation curves for 3 hypothetical fuels 


showing the effect on the dew point of variation in the slope of the A.S.T.M. curve 
at 90 percent evaporated. 


The ratio Tyo%/Tsr,, Was computed for each fuel by means of equa- 
tions 33 and 34 and a comparison is made in table 13 between these 
computed ratios and those obtained from the experimentally de- 
termined bubble points. 
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TABLE 13.—Bubble-point data for 16:1 mixtures 


T0%/T erie 


Fuel | S | 10% point 
Obs. | Comp. | | 
a | om mala el ‘i 
| | a 
| eae Leia stidestueks teu 1.410 | 1.414 3.0 | 75 
EE ae ee eae me 1. 400 | 1. 400 2.1 63 
le cuenecshinpinetas seeaal asda sans } 1.401 | 1. 402 i ae 69 
Ti RG Macibbumkeies . | 1,408 | 1.402 | 2.5 | 54 
ee | 1, 409 1,410 | 2.5 | 8Y 





Average observed ratio= 1.406. 


The effect of slope at the 10 percent point is illustrated in figure 15 
for three hypothetical fuels having the same 10 percent point, but 
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Figure 15.—Volatility and A.S.T.M. evaporation curves for 3 hypothetical fuels 
showing the effect on the bubble point of variation in slope of the A.S.T.M. curve 
at 10 percent evaporated, 


slopes varying from 0 to 5.0. The fuel with the greatest slope has a 
bubble point 14° C lower than the pure hydrocarbon with zero slope. 
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VIII. ACCURACY OF VOLATILITY DATA AND OF CORRE- 
LATION WITH A.S.T.M. DISTILLATION DATA 


1. CONSIDERATION OF PARTIAL VOLATILITY 


The accuracy of the partial volatility data is largely determined by 
the precision of calibration of the equilibrium air-evaporation appara- 
tus and accessories and by the sensitivity of the method. The esti- 
mated precisions of the various parts of the apparatus and of the factors 
affecting the accuracy of the results, based on the calibration data and 
on experimental checks, are as follows: 


RNR oe a eben icueneseauee wean eeu 0. 2 percent 
SRIINNG ili cme neces seek nance nk oawes 0. 2 percent 
fo eT es ete cite 0. 2 percent 
Specific gravity determinations_-_--........-------- 0. 1 percent 
Evaporation bath temperature...._.....-...------- 0.1 C 

‘Time for collection of residue...................-- _ 0. 3 percent 


Considering the various factors involved, it is estimated that the ob- 
served data are precise to 1 unit in the percentage evaporated. The 
correction for the departure from equilibrium vaporization was found 
to be precise likewise to 1 unit in the percentage evaporated, so that 
individual results, corrected to equilibrium, may be consider ed precise 
to 2 units in the percentage evaporated. The method used of drawing 
smooth curves through the plotted experimental points tends to min- 
imize the experimental errors, so that a precision of 2 units in the per- 
centage evaporated for the equilibrium air-evaporation apparatus 
appears to be a liberal estimate. At percentages evaporated around 
95 percent or above, where the volume of residue collected is small, 
errors in excess of 2 units may be obtained, but in general the slope of 
the volatility curves is such that the corresponding errors in the tem- 
perature are small. At very small percentages evaporated, the slope 
of the supplied air-fuel mixture curves is large and a small error in the 
percentage evaporated causes a large corresponding error in the tem- 
perature on the resultant air-vapor curve. Below 5 percent evapo- 
rated, the precision of the equilibrium air-evaporation apparatus is 
very unsatisfactory. Over the range from 10 to 90 percent evaporated 
an error of 2 units in the percentage evaporated produces on the aver- 
age an error of 1° C in the temperatures on the resultant air-vapor 
curves. Hence, 1° C may be taken as the average error in the partial 
volatility data. Using the precautions, prev viously outlined, in 
making the A.S.T.M. distillation tests, the average error in the 
temperatures on the A.S.T.M. evaporation curves is 1° C. 

The accuracy of the correlation between the observed temperatures 
on the 16:1 air-vapor curves for the 38 fuels and those computed by 
means of equations 28 and 29 from the A.S.T.M. distillation data 
can be observed from the temperature ratios listed in table 11. The 
distribution of temperature deviations between the observed and 
calculated values is given in table 14. About 87 percent of the 
points show deviations less than 2° C. Of the three points which 
showed deviations greater than 3° C, two amounted to 4° C and the 
other to 7° C. It is believed that the deviations at these three points 
are without significance, being attributable to experimental error, and 
for this reason the ratios at these three points are shown in parentheses 
in table 11. For further comparison, the temperature deviations 
between the observed and computed 16:1 temperatures are shown 
graphically in figures 16, 17, and 18 for 10, 50, and 90 percent evap- 
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FiaurE 16.—Plot showing agreement between observed and computed volatility data 
at 10 percent evaporated. 
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Figure 17.—Plot showing agreement between observed and computed volatility data 
at 50 percent evaporated. 
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orated respectively. The grand average deviation between observed 
and computed values for the 38 fuels is 1° C. 
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FiaurE 18.—Plot showing agreement between observed and computed volatility data 
at 90 percent evaporated. 


TABLE 14.—Distribution of temperature deviations between observed and computed 
values from 10 to 90 percent inclusive. 





a om Number of} Percent of 
eviat - : 
Deviation © ¢ points | points 
Above 3 i a i — oa 3 | 0.9 
RRRIED 20: | 22 | 6.4 | 
2 | 50 | 14.6 | 
l 150 43.9 
, 


Grand average deviation=1° C. 
2. CONSIDERATION OF DEW POINTS 


The dew-point data are subject to somewhat greater error than the 
partial volatility data since they are obtained by extrapolation of the 
latter over a range of about 5 percent, on the average, to the line of 
100 percent evaporated. Considering the accuracy of the partial 
volatility data, it is estimated that the dew points obtained by the 
extrapolation process are accurate to 2° C. 

The accuracy of the correlation between the dew points and the 
90-percent A.S.T.M. points is illustrated in the last column of table 
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12 which lists the temperature differences between the observed and 
computed values. The distribution of temperature deviations is 
given in table 15. About 74 percent of the points show deviations 
less than 2° C., and only 3 out of the 34 fuels show deviations amount- 
ing to 3° C. For further comparison, the temperature deviations 
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Figurn 19.—Plot showing agreement between observed and computed dew points. 
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between the observed and computed 16:1 dew points are shown 
graphically in figure 19. 


TaBLE 15.—Disiribution of temperature deviations between observed and computed 
dew-potnt values. 


ae _- N > > ” ) 
Deviation ° ( Number of! Percent of 


| points points 
ib dbu eck Midd dd Sbied dba dddddedee -Okk 3 8.8 
2 i 6 | 17.6 
rere P te 16 | 47.1 
en tecctbdind nouawese ide Gee 9 26.5 


3. CONSIDERATION OF BUBBLE POINTS 


The accuracy of the bubble-point data depends upon the accuracy 
of the molecular weight values for the gasoline vapors present in the 
small bubbles, upon the accuracy of the vapor-pressure values for the 
gas-free gasolines, and upon how closely the gasoline vapors obey the 
perfect gas laws at the low pressures under consideration. 














98 Journal of Research of the National Bureau of Standards vai. 1s 

The indirect evaluation of the molecular weights of the vapors has 
an estimated accuracy of 5 units in molecular weight. Considering 
the probable deviations from the perfect gas laws, the corresponding 
error in the vapor pressure of the gasoline amounts to 2 mm of mer- 
cury. This is also the accuracy of the experimentally determined 
vapor pressures over a range of temperatures. Since a change of 
1° C produces a corresponding change of 1 mm in the vapor pressure 
under the conditions considered, it is estimated that the bubble points 
are accurate to about 2° C. 

In the correlation of the 16:1 bubble point temperatures with the 
A.S.T.M. 10-percent points, the average ; deviation between the ob- 
served and computed temperature ratios, as given in table 13, amounts 
to 0.0024. This is equivalent to an average temperature deviation 
of less than 1° C. However, since 5 gasolines only were studied, 
these data alone are hardly sufficient to verify the generality of the 
relations. Further verification of an indirect nature has been 
obtained in another investigation from extensive vapor pressure 
measurements on a large number of gasolines. 


IX. DETAILED METHOD FOR EVALUATION OF VOLATIL- 
ITY DATA FROM A.S.T.M. DISTILLATION DATA 


1. COMPUTATION FROM VOLATILITY EQUATIONS 


(a) PARTIAL VOLATILITY DATA 


The first step in obtaining volatility data on a gasoline consists in 
making an A.S.T.M. distillation, preferably observing the precautions 
regarding temperature control pointed out in section IV. These dis- 
tillation data are then used to obtain an A.S.T.M. evaporation curve, 
which is simply the customary distillation curve displaced to the right 
by an amount equal to the observed distillation loss. If it is desired 
to obtain the complete volatility curve for a 16:1 resultant mixture, 
the slope of the A.S.T.M. evaporation curve at every 10 percent 
evaporated is evaluated, by either of two methods. One of these is 
to employ the customary graphical method of laying a straight edge 
tangent to the curve at the point under consideration and reading the 
temperature difference along the line thus formed for a change of 10 
percent in the percentage evaporated. The temperature difference, 
in degrees centigrade, divided by 10 is the desired slope. A second, 
less accurate method consists in reading the temperatures on the curve 
at 5 percent more and 5 percent less than the percentage evaporated 
under consideration, in subtracting the latter from the former, and 
finally dividing by 10. The second method ordinarily gives sufficient 
accuracy for the purpose if there is not a very marked change i in cur- 

vature in the 10 percent range considered. For example, it is desired 
to find the slope of an A.S.T.M. evaporation curve at 40 percent 
evaporated. The temperature at 45 percent evaporated is found to 
be 130 C and at 35 percent evaporated, it is 110 C. Subtracting 110 
from 130 gives 20, which when divided by 10 gives 2 as the slope at 
40 percent evapors ated. 

The values of the slope at every 10 percent evaporated are then 
used to compute values of the parameter C at each value of the per- 
centage evaporated P by means of equation 29. 
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; 100—P 
C= V460S- log 5 |+39 (29) 


The next step is to read the temperatures on the plotted A.S.T.M. 
evaporation curye of the gasoline at every 10 percent evaporated from 
10 to 90 percent. These temperatures together with the corresponding 
values of C, obtained from equation 29, at the same percentages evapo- 
rated, are used to compute the 16:1 temperatures by means of equation 
28. In order to simplify the calculation, equation 28 may be written 
as follows: 

1.5¢1¢ = tasra — (136.6 — C) (34) 


where ti, and tysry are in centigrade degrees. The value of C at the 
percentage evaporated under consideration is subtracted from 136.6 
and the resulting number is subtracted from the temperature on the 
A.S.T.M. evaporation curve at the same percentage evaporated as 
was used for the evaluation of C. This difference divided by 1.5 
gives the 16:1 temperature at the particular percentage evaporated. 
Similar computations are made for the values at every 10 percent 
evaporated from 10 to 90 percent. It should be emphasized that 
the values of S, C, tisrm and ty, always refer to a common percentage 
evaporated w hen computing partial volatility data. 

Example: A gasoline has an A.S.T.M. evaporation temperature of 
100 C at 30 percent evaporated and has a slope of 2.0 at 30 percent 
evaporated. It is desired to know the temperature at which a 
mixture of 16 parts of air and 1 part of vapor from this gasoline will 
form at 30 percent evaporated. Equation 29 gives 43.4 as the value 
of C at 30 percent evaporated. Substituting in equation 34 the above 
value of C and 100 for tysry, the 16:1 temperature at 30 percent evapo- 
rated is found to be 4.5 C. 


(b) DEW-POINT DATA 


The first step in obtaining dew point data on a gasoline consists 
in determining the value of the slope of the A.S.T.M. evaporation 
curve at 90 percent evaporated. From this value of the slope, C is 
computed by means of equation 31 


C= —10¥S+39 (31) 


The next step consists in reading the temperature on the A.S.T.M. 
-vaporation curve at 90 percent evaporated. This temperature 
together with the value of C from equation 31 is used to obtain the 
16:1 dew point by means of equation 30, which may be written in the 
simpler form 

1.5t pig = tog, — (186.6 — C) (35) 


where tppig and toy, are in centigrade degrees. 
When computing dew point data, S and fy», refer to 90 percent 
evaporated whereas C and ¢,,:5 refer to 100 percent evaporated. 
Example: A gasoline has an A.S.T.M. evaporation temperature of 
200 C at 90 percent evaporated and the A.S.T.M. evaporation curve 
has a slope of 2.0 at 90 percent evaporated. It is desired to know the 
dew point of a 16:1 mixture of air and this gasoline. From equation 


ce 


31, Cis found to have a value of 24.9. Substituting this value of C 
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in equation 35 together with 200 for ty, and dividing the resultant 
summation by 1.5 gives 58.9 C. This is the desired 16:1 dew point. 


(c) BUBBLE-POINT DATA 


The first step in obtaining bubble-point data on a gasoline consists 
in determining the slope of the A.S.T.M. evaporation curve at 10 
percent evaporated. From this value of the slope, C is computed by 
means of equation 33 

C= —10-/S+39 (33) 


The next step consists in reading the temperature on the A.S.T.M. 
evaporation curve at 10 percent evaporated. This temperature 
together with the value of C from equation 33 is used to obtain the 
16:1 bubble point by means of equation 32, which may be written: 

1.5tee1e= thos — (136.6 —C) (36) 
where ty-1g and tio, are in centigrade degrees. 

When computing bubble-point data, S and ty, refer to 10 percent 
evaporated, whereas C and t,,;, refer to 0 percent evaporated. 

Example: A gasoline has an A.S.T.M. evaporation temperature 
of 60 C at 10 percent evaporated and the A.S.T.M. evaporation curve 
has a slope of 2.0 at 10 percent evaporated. It is desired to know 
the bubble point of a 16:1 mixture of air and this gasoline. From 
equation 33, C is found to have a value of 24.9. Substituting this 
value of Cin equation 36 together with 60 for t,o, the desired bubble 
point tBPi, is — 34.5 C. 


(d) VOLATILITY DATA AT OTHER PERCENTAGES EVAPORATED AND FOR OTHER 
MIXTURES 


Having the 16:1 temperatures at every 10 percent evaporated from 
0 to 100 percent, the value at any intermediate percentage evaporated 
may be obtained by plotting the computed temperatures against the 
corresponding percentages evaporated, by drawing a smooth curve 
through the plotted points and by reading off this curve the tempera- 
tures at the desired percentages evaporated. 

From the 16:1 values, the temperatures may readily be obtained 
corresponding to the formation, under equilibrium conditions, of any 
other desired mixture of air and gasoline vapor from 8:1 to 20:1. 
A method for making such transformations was indicated in figure 7, 
where the differences in temperature found between the various 
resultant mixture lines were shown as a curve. The equation of this 
curve can be written as follows: 


tar, — tg = 52.5—43.5 logiM, (37) 


where M, is the resultant air-vapor mixture and ty, is the temperature 
in centigrade degrees corresponding to the formation of the mixture 
M,. In this equation, ty;, and ty refer to the same percentage evap- 
orated, but the difference ty;,—t,, is the same at all percentages evap- 
orated, being only dependent within experimental error on the value 
of M,. Hence having the value of t,,, the temperature for any other 
mixture within the limits stated, may be computed. 
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Example: A gasoline has a 16:1 temperature of 4.5 C at 30 percent 
evaporated. It is desired to know the temperature corresponding to 
the formation of an 8:1 mixture at 30 percent evaporated. Substitut- 
ing 8 for M, in equation 37, ts—t. equals 13.1. Adding 13.1 to 4.5 
gives 17.6 C which is the desired 8:1 temperature. 

While equation 37 holds with sufficient accuracy for all of the 
gasolines studied, the difference between any two resultant mixture 
lines does depend to a slight extent upon the volatility of the gasoline. 
A more precise equation is as follows: 


tire tie “ [0.132 ine 0.109 logoMZ,] ae + 273) (38) 


1 


Kquation 38 reduces to equation 37 for a value of tisry equal to 125 C, 
2. GRAPHICAL EVALUATION OF VOLATILITY DATA 


The detailed computation of partial volatility, dew-point and bubble- 
point data on gasolines from the A.S.T.M. distillation data may be 
avoided by the use of charts. Equations 29, 31, and 33 for the evalua- 
tion of the parameter C may be combined in one alinement chart. 
Equations 34, 35, and 36 may be combined in another alinement 
chart to give directly the temperatures corresponding to the forma- 
tion of 16:1 resultant air-vapor mixtures. A duplex scale, based on 
equation 37, can be used to indicate the differences in temperature 
between 16:1 mixture lines end other mixture lines of interest. 
Accordingly, two alinement charts and a duplex scale have been 
lesigned so that they are as accurate as is justified from the experi- 


1 


mental work on which they are based, namely, 1°C. 
(a) CHART FOR EVALUATION OF PARAMETER C 


The alinement chart for the evaluation of C from the slope of the 
A.S.T.M. evaporation curve and the percentage evaporated is shown 
in figure 20. The scale on the left, marked P, represents percentages 
evaporated. The horizontal scale, marked S, represents the slope 
of the A.S.T.M. evaporation curve. The scale on the right, marked 
C, represents values of the parameter C. The identical points, 
marked D.P. and B.P., on the P scale slightly above 80 percent 
evaporated are for the evaluation of C in connection with dew points 
and bubble points. 

In using the chart, connect by means of a straight edge the appro- 
priate mark on the P scale with the corresponding value of the slope 
of the A.S.T.M. evaporation curve on the S scale. The intersection 
of this line with the C scale gives the desired value of C. Three pre- 
cautions should be observed in using this chart: 

(1) In evaluating C for partial volatility data, the value of S refers 
to the percentage evaporated P under consideration. 

(2) For dew point data, S refers to the slope at 90 percent evapo- 
rated. 

(3) For bubble point data, S refers to the slope at 10 percent 
evaporated. 











102 Journal of Research of the National Bureau of Standards [vot.1s 
Solutions for a number of cases are given below: 


| | 7 : ‘ | é | 
} } 


P scale | S scale Intersection| 
| on C scale 

| | os 
10 2.0 47 
50 | Any value 39 
Any value 39 
90 2.0 18 
D.P. 2.0 25 
B.s. | 1.0 29 


It is to be noted that when P= 50, the slope of the A.S.T.M. evapo- 
ration curve has no effect and C=39 in all cases. Further, when 
S=0, C has the same value, namely, 39, at all percentages evaporated. 
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Figure 20.—Alinement chart for evaluation of the parameter C in equations 29, 
31, and 33 from the percentage evaporated P and the slope S of the A.S.T.M. 
evaporation-curve. 


(b) CHART FOR EVALUATION OF 16:1 TEMPERATURES 


The chart for the evaluation of the temperatures on a 16:1 resultant 
air-vapor line from the values of C and the A.S.T.M. evaporation 
temperature is shown in figure 21. The scale on the left represents 
A.S.T.M. evaporation temperatures in centigrade degrees; the middle 
scale represents values of the parameter C; whereas the scale on the 
right represents temperatures in centigrade degrees for a 16:1 result- 
ant mixture of air and gasoline vapor. 

In using the chart, connect by means of a straight edge the appro- 
priate mark on the A.S.T.M. temperature scale with the correspond- 
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ing value of C on the middle scale, and extrapolate the line thus formed 
to cut the 16:1 temperature scale. The intersection of the line with 
the scale gives the desired 16:1 temperature. The pr ecautions which 
should be observed in using this chart are as follows 

(1) In the evaluation of partial volatility data, the A.S.T.M. tem- 
perature and the value of C refer to the same percentage evaporated, 
and the 16:1 temperature found applies also to this same percentage 
evaporated. 

(2) For dew-point data, the 90 percent A.S.T.M. evaporation tem- 
perature is used together with the value of C obtained in the special 
manner outlined in the last subsection, and the 16:1 temperature 
found refers to 100 percent evaporated. 

(3) For bubble-point data, the 10 percent A.S.T.M. temperature 
is used together with the value of C appropriate to bubble point eval- 
uations and the 16:1 temperature found refers to 0 percent evaporated. 

Solutions for a number of cases are given below. ‘The first column 
of percentages evaporated P refers to the A.S.T.M. evaporation curve. 
The last column, marked P, refers to the percentages evaporated on 
the 16:1 air-vapor line. 


A.S.T.M 


evaporation data 16:1 volatility data 
| < babi « 


| 


P Tempera- | C Tempera- P 
ture 7 | ture 
"¢ ¢ 
10 60 29 —32 0 
10 60 47 —20 10 
50 2 9 18 ( 


18 | 41 90 


: 125 
90 180 
180 25 | 46 100 


90 


c) DUPLEX SCALE FOR TEMPERATURE DIFFERENCES BETWEEN RESULTANT 
MIXTURE LINES 

The duplex scale for obtaining the difference in temperature between 
a 16:1 resultant air-vapor mixture line and other resultant mixture 
lines is shown in figure 22. The marks on the left of this scale 
represent resultant mixtures Mp and those at the right represent 
the temperature differences AJ which are to be added algebraically 
to the 16:1 temperatures. These differences are indepe indent of the 
percentage evaporated and the volatility of the particular gasoline, 
within experimental error. Thus the scale may be used for partial 
volatility, dew point and bubble point data. The only condition 
to be observed is that the temperature obtained after addition of 
AT refers to the same percentage evaporated as the original 16:1 
temperature. 

Example: The temperature on a 16:1 mixture line at 90 percent 
evaporated is 40 C. It is desired to know the temperature at 90 
percent evaporated corresponding to the formation of a 20:1 mix- 
ture of air and vapor from this gasoline. From the duplex scale, 
AT is found to be —4 for M,=20. Adding —4 to 40 gives 36 C, 
which is the desired temperature. 
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3. SPECIAL CHART FOR DEW-POINT DATA 


Although the charts shown in figures 20 and 21 are satisfactory 
for the evaluation of dew points, a more convenient graphical method 
for such data is illustrated in figure 23. 

Duplex scale I gives the dew points directly for a gasoline having 
a slope of 2.0 at 90 percent evaporated on the A.S.T.M. evaporation 
curve, which represents an average value. The temperatures in 
centigrade degrees at 90 percent evaporated are placed on the left 
side of this scale whereas the corresponding dew points, in centigrade 
degrees, for a 16:1 mixture are placed on the right side of the scale. 

Duplex scale II indicates the temperature correction for the 16:1 
dew point of the gasoline if it has a slope other than 2.0 at 90 percent 
evaporated. The marks on the left side of scale II represent slopes 
at 90 percent evaporated, whereas those on the right represent 
corrections which are to be added algebraically to the dew-point 
values from scale I. 
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Example: A gasoline has a temperature of 150 C at 90 percent 
evaporated and a slope of 4.0 at this point on the A.S.T.M. evapora- 
tion curve. It is desired to know the 16:1 dew point of this gasoline. 
From scale I, a 90 percent pointof 
150 C corresponds to a 16:1 dew 790% Toh, 
point of 25 C. From seale Il, a yg ~ 
slope of 4.0 indicates a correction of 
plus 4. Therefore the desired dew 
point is 29 C. 


4. COMPLETE EXAMPLE OF 
EVALUATION OF VOLATILITY 
DATA 


A further illustration of the 
method of obtaining volatility data 
from distillation data is outlined 
in detail below. The distillation 
data on a gasoline are given in 
table 16. These data are plotted 
in the form of an evaporation 
curve as explained previously. At 
every 10 percent evaporated from 
10 to 90 percent evaporated, the 
temperatures are read off the evap- 
oration curve and are listed in the 
second column of table 17 oppo- 
site the appropriate values of 
the percentage evaporated. The 
slopes of the A.S.T.M. evapora- 
tion curve at these even percent- 
ages are obtained in the manner 
previously outlined and are given 
in the third column of the table. 





FigurE 23.—Duplex scales for evalua- 


The fourth column represents the tion of dew-point values from the tem- 
values of C read from figure 20, perature at 90 percent evaporated on 
using the corresponding values of the A.S.T'.M. evaporation curve and 


from the slope of the evaporation curve 


Ys hin ee } 2-2 
Sin the third column and of P in oh thie nascent snanevelod: 


the first column. The fifth column 
shows the temperatures in centigrade degrees for the 16:1 resultant 
air-vapor mixture, obtained from figure 21, using the A.S.T.M. evapo- 
ration data in the second column and the values of C in the fourth 
column. The last column lists the temperatures corresponding to 
an 8:1 resultant air-vapor mixture. The difference in temperature 
between the last two columns of figures is obtained from the duplex 
scale in figure 22. 
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TABLE 16.—-Distillation data on fuel RPC 


| Tl 


Percent | Tempera- || Percent | Tempera- || Percent | Tempera- 
distilled ture distilled | ture distilled | ture 
| : 
| °c | | °¢ | °c 
LBP. | 38 oe an oe 
is 2 oe = 4. oe "% |... 
10 | 69 45 | 80 i. a 
1 79 50 } 135 85 | 190 
20 88 55 142 90 | 200 
25 97 60 148 95 212 
30 105 65 | 156 E.P 222 
Distillation loss=1.0 percent. 
Residue= 1.5 percent. 
TaBLE 17.—Volatility data for fuel RPC 
| | 
Percent , | | | 4@. : 
< l'empera- a i y| 16:1 tem- 8:1 tem- 
evapo ture Slope Value of ¢ | perature | perature 
rated | | | 
| 
2 Cc °< 
0 : 24 -31 —18 
10 66 2.3 47 15 2 
20 86 1.8 45 | —3 10 
30 104 Fe 43 9 22 
40 119 1. 5 41 18 31 
50 134 1.3 39 25 38 
60 147 1.4 37 32 45 
0 162 1.6 33 39 92 
80 180 1.8 28 47 60 
90 198 2.2 17 | 52 65 
100 a 25 58 71 


If desired, the 16:1 temperatures may be plotted against the 
corresponding percentages evaporated and a smooth curve drawn 
through the plotted points. From this curve the 16:1 tempera- 
tures may be obtained at any value of the percentage evaporated. 


X. VOLATILITY DATA AT A TOTAL PRESSURE LOWER 
THAN STANDARD ATMOSPHERIC PRESSURE 


The general volatility equations given in preceding sections and 
all of the experimental volatility data which are presented in this 
paper are applicable to conditions where the total pressure of the air- 
vapor mixture is 1 standard atmosphere. In an engine manifold, 
however, the pressure is normally below 760 mm and may become 
as low as half an atmosphere in an automobile engine manifold 
under idling conditions. In the manifold of an unsupercharged 
airplane engine at high altitudes the pressure may even be below 
half an atmosphere. In order to make possible the application of 
volatility data to vaporization in an ideal engine manifold under 
such conditions of reduced pressure it is desirable to know the tem- 
peratures of formation of various resultant air-vapor mixtures at any 
total pressure below that of the standard atmosphere, 760 mm of 
mercury. 

Although no volatility data have been obtained at pressures 
other than 760 mm, it is possible to compute similar data at any 
reduced pressure with sufficient accuracy from the normal atmos- 
pheric values. 

Consider first the problem of finding the air-vapor mixture M,’ 
which will be formed at any reduced total pressure p, any percentage 
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evaporated P, and at the temperature t, which corresponds to an 
air-vapor mixture M,, at the same percentage evaporated and at a 
total pressure of 1 atmosphere. The relation between the mixture 
ratio and the total pressure is given by equation 23. 

Rearranging equation 23, it becomes 





760— py _ M, , 
. =M, M, (39) 
The analogous relation for any total pressure 7p is 
P—Pr_yg1.Mr 
Dividing equation 40 by equation 39, there results 
jf? ent" 
M,! __P—Dr (41) 


M, 760-p, 


The desired air-vapor mixture M,’ can be computed from this relation 
at any reduced total pressure p if the vapor pressure p, of the gasoline 
is known under the stated conditions of temperature and percentage 
evaporated. In general p,; is, however, not known, but an approximate 
value can be assumed without introducing much error. For example, 
for values of M, from 8 to 20, p, lies within the limits 5 to 50 mm of 
mercury for any percentage evaporated. Taking pp=5 mm, p= 
380 mm and M/,= 16, the value of M,’ from equation 41 is 7.95. For 
pr=50 mm, p=380 mm and M,=16, M,’ becomes 7.45. The 
difference in temperature between these two mixtures is only 1° C 
which is negligible in this case, and also for any value of MM, from 8 
to 20, as long as the total pressure is not much lower than 380 mm. 

Assuming an average value p,=30 and limiting /M, to the range 
from 8 to 20, equation 41 can be written 


"pes PS daha 4! 
M, =MJ 104-8, 0.04 | (42) 


Suppose a gasoline forms a 16:1 resultant air-vapor mixture at 30 C 
when 50 percent is evaporated under a total pressure of 760 mm. 
Then at 30 C and 50 percent evaporated under a total pressure of 
380 mm, M,’ is found from equation 42 to equal 7.7, which is the air- 
vapor mixture formed at this lower pressure. 

It should be pointed out that the resultant mixture M,’ given by 
equation 41 is dependent to a slight extent upon the percentage 
evaporated, since the vapor pressure p, changes somewhat with the 
percentage evaporated along a constant air-vapor mixture line A/,. 
However, the variations in p, are within the limits of 5 to 50 mm stated 
above, and hence for all practical purposes the computed value of 
M,’ from equation 42 may be considered as independent of the 
percentage evaporated. 

The first problem considered was to find the air-vapor mixture 
formed at reduced pressure under otherwise similar conditions of 
temperature and percentage evaporated to those at which a known 
alr-vapor mixture was formed at atmospheric pressure. The second 
problem is to find the temperature at which a given air-vapor mixture 
will be formed at any reduced pressure when the temperature is 
known at which the same air-vapor mixture is formed at atmospheric 
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pressure. This can be easily solved by means of equation 42 supple- 
mented by figure 7 or the duplex scale in figure 22. 

Suppose a 16:1 resultant air-vapor mixture is formed at 30 C when 
50 percent of a gasoline is evaporated in air at a total pressure of 1 
atmosphere. Then at 380 mm total pressure when 50 percent of the 
gasoline is evaporated Mz is found from equation 42 to be 33.3. 
This is the mixture formed at 760 mm corresponding to a 16:1 mix- 
ture at 380 mm at the same temperature and percentage evaporated. 
From the curve in figure 7, it is found that a 33.3 :1 mixture is formed at 
a temperature 13° C lower than a 16:1 mixture. Hence, a 16:1 mix- 
ture at 380 mm total pressure and at 50 percent evaporated will be 
formed at (30—13)=17 C, 

The effect of reduction in total pressure is to enrich the air-vapor 
mixture formed when the same percentage is evaporated at the same 
temperature from the same supplied air-fuel mixture. Reduction in 
pressure under these conditions to one-half an atmosphere makes the 
mixture approximately twice as rich. In order to obtain the same air- 
vapor mixture at reduced pressure from the same supplied mixture, 
when the same percentage is evaporated as at atmospheric pressure, 
a lower temperature is required. The temperature difference in the 
two cases is constant for different gasolines and independent of the per- 
centage evaporated. It is also independent of the particular mixture 
considered, within a range of M, from 8 to 20, but is dependent upon 
the reduction in pressure. If a set of volatility curves have been 
obtained from the distillation data which are applicable to 760 mm 
total pressure, it is only necessary to lower all of them by a constant 
temperature difference of 13° C in order that they may be applicable 
to a total pressure of 380 mm. For application to other pressures, 
the temperature differences may be computed in the manner outlined 
or they may be obtained from table 18, by interpolation, if necessary. 


TABLE 18.—Temperature differences between the same resultant mixture curves at 
760 mm pressure and at lower pressures 


p, mm p, mm 


j 
mercury tio—ty | mercury | tiw—tp | 
| 
| °C } 61 | 
760 0 500 | 8.1 
700 1.5 400 | 12. 6 
600 4.5 300 | 18. 6 


XI. CONCLUSIONS 


The large volume of volatility data which have been obtained on 
38 fuels of widely differing characteristics has indicated certain basic 
principles of fuel volatility. The correlation of the results with the 
A.S.T.M. distillation data has not only furnished an interpretation of 
the significance of the distillation data but has also furnished a simple 
means for the evaluation of equilibrium volatility values from gasoline 
distillation data. While the information obtained forms a fundamental 
basis for the investigation of the effect of fuel volatility in connection 
with numerous problems dealing with engine performance and opera- 
tion, the precise application to these problems is very limited due to 
the lack of adequate information on the departure from equilibrium 
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vaporization in engine manifolds. Such information is urgently needed 
and when obtained should lead to a much better understanding of the 
relation between fuel volatility, operating conditions, and engine design 
factors. In a later paper there will be considered the application of 
the volatility relations to the problems of engine starting, acceleration, 
mixture distribution, and crankcase dilution on the basis of exist- 
ing information. 

Acknowledgment is made to the Cooperative Fuel Research Steering 
Committee of the automotive and petroleum industries for its active 
cooperation and financial support in connection with this investigation. 
Acknowledgment is also made to the late T. S. Sligh, who started the 
investigation and designed some of the apparatus used, and to D. C. 
Ritchie, who made a large number of the observations of experimental 
data herein reported. 
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VARIATIONS IN REFRACTIVE INDEX OF CO,-FREE DRY 
AIR AND A STATISTICAL CORRELATION WITH SOLAR 


ACTIVITY: 
By L. W. Tilton 


ABSTRACT 


Existing data on refractive indices of dry air as measured by various observers 
show disagreements larger than the errors that seem probable in many of th 
recent measurements. Chemical (volumetric) data relating to the constancy of 
composition of the atmosphere at the earth’s surface do not suggest that any 
appreciable variations in refractivity should be found, but gravimetric data show 
small variations that have never been satisfactorily explained. 

All refractive-index data taken on air since 1857 have been examined for 
evidences of systematic variations and a correlation between refractivity and 
annual sunspot number has been found, the Pearson r being —0.48 (+0.08 
probable error) as determined from 40 pairs of values. 

Degree of storminess of the earth’s atmosphere has already been positive sly 
correlated with yearly relative sunspot number and thus it seems possible that a 
decrease in the average rate of stirring and mixing of the air, such as occurs during 
times of low sunspot numbers, allows certain denser components (perhaps asso- 
ciated molecules or isotopes) to settle and produce at the earth’s surface a gaseous 
mixture having a slightly higher index of refraction. Ina ditia m to simple sun- 
spot periodicity of 11 years, however, a superimposed 23-year periodicity, cor- 
responding to a magnetic cycle of sunspots, also seems indice: ate d. 

Although the value ».=1.0002925 at 0 C and 760 mm pressure is a fair general 
average for the sodium lines index of air, it appears unsafe to rely implicitly on 
the constancy of » over a period of years. It may be preferable to make estimates 
from the equation (up—1) X 10’=2932.2—0.15 S, whe re S is the relative annual 
sunspot number, and the constants are provisional values derived from all avail- 
able data. Further experiments should precede the ad sort en of any radiation in 
air as a standard of length. 
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! In this investigation of possible periodicity in the refractive index of air, sunspot nun 
primarily as a well-known comparison standard of established periodicity that in an emy 
found suitable for use in m: aking a numerical estimate of the probability that certain discrepancies : 
published indices of air are, or are not, the result of chance or accidental error. Far 
relation, a correlation coefficient can, ‘of course, indicate nothing about the ns ture of § a re i 
show whether it is direct or indirect. The correlation of a phenomenon with sunspot numbers permits 
rough pseudo comparison with a number of other phenomena that also have been correlated with i 
numbers, and these rough comparisons or associations in thought serve to suggest partial explanations 
which may lead to fruitful experiments. 
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I. INTRODUCTION 


In previous papers? discussing the errors of refractive-index meas- 
urement attention has been confined almost exclusively to goniometry 
and to other geometrical considerations. In these it has thus been 
assumed that the velocity of light in any given medium has a constant 
value for a given wave length, whether measurements are made simul- 
taneously or follow after successive time intervals and whether the 
observations are made along the same or different paths. This, of 
course, can be true only when all pertinent physical and chemical 
conditions are well understood and under complete control. 

[t has long been assumed that our knowledge of the earth’s atmos- 
phere and its properties is sufficiently comp lete to justify the making 
of precise optical measurements in CO,-free dry air. However, in 
view of the very high precision that is currently sought, and since 
certain small but definite variations have been found in the apparent 
weight of a normal liter of CO,-free dry air, it is evident that a com- 
prehensive survey of refractive-index errors should include careful 
consideration of possible variations in the composition and constitu- 
tion of the atmosph ere. Three well-known types of measurement that 
are frequently made on air and which have a direct bearing on this 
question are (1) density determinations, (2) chemical (chiefly volu- 
metric) analyses, and (3) refractive-index determinations. Evidence 
from all three of these sources will be summarized before proceeding 
to a general discussion of interrelationships and_ possible periodic 


tendencies among variations in the properties of air. 


fades 7 D 


II. GRAVIMETRIC EVIDENCE OF VARIATION 


Approximately 50 years’ work in precise weighings shows that 
observed densities of standard air are not as constant as similar 


results obtained by the same observers on certain other gases. Be- 
cause of this lack of constancy in the normal density of air, the 
specific gravities of gases are now given in the Landolt-Bornstein 


t1e 
Physik slisch -Chemische Tabellen* as referred to oxygen instead of 
to alr 
The weight in grams of a liter of (chemically prepared) oxygen, 
under standard conditions,‘ has been determined by 13 observers, 
the mean value being 1.42893 with a total variation of approximately 
parts in 10,000. Similar observations on the weight of a liter of 
CO,-free dry air yield average values varying systematic sally from 


1.29266 and 1.29284, for samplings at or near sea level, to 1.29301 
21. W. Tilton, B.S. Jour. Research, vol. 2 (R P64), p. 909-930, 1929; vol. 6 (RP262), p. 59-76, 1931; vol. 
11 (RP575), p. 25-57, 1933. ‘ 
8 Erster Erginzungsband, p. 160-163, 1927 
4 A temperature of 0 C and a pressure of 760 mm of mercury (at 0 C, g=980.616) was used by E. Moles 
(Jour. de chim. phys., vol. 19, p. 100, 1921; Zeits. f. Phys. Chem., vol. 115, p. 61, 1925) in his critical review 
leading to the average value which was adopted for oxygen in the Landolt-Boérnstein Tabellen. 
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and 1.29332 g for those made at altitudes of 700 and 1,960 meters, 
respectively. Also, as time varies at a single place of sampling, the 
total range of values obtained by a given observer is at least 5 and in 
some cases * 10 or 12 10~ g; that is, from 2 to 5 times the variation 
among results by all observers on pure oxygen. Moreover it appears 
that these variations with time of sampling at given latitudes and 
altitudes are more or less systematically related to certain weather 
conditions existing at the time the sample is taken. In particular 
there is considerable evidence ® to show that minima of density are 
often obtained on air sampled at or very soon after maxima of atmos- 
pheric pressure. It should also be mentioned that Paya and Moles‘ 
have made several weighings of atmospheric nitrogen and find similar 
but smaller systematic variations with pressure existing at times of 
sampling. In brief, it seems fairly well established that the bona fide 
time variations in the w eight of a liter of CO,-free dry air approximate 
1 part in 1,000. 


III. CHEMICAL ANALYSIS (CHIEFLY VOLUMETRIC) 


Attempts have been made to explain the observed gravimetric 
variations as arising mainly from variations in the oxygen content of 
air. According to the Loomis-Morley * hypothesis, cold air which 
is less rich in oxygen should descend from upper regions during p eI iods 
of high barometric pressure, Possibly atmo spheric nitrogen should 
be less rich in argon when sampled under these same conditions. 
Important fluctuations at least as large as +0.2 percent oxygen (i.e., 
+1 percent of the oxygen content), together with +0.02 percent 
argon (i.e., +2 percent of the argon content), seemed required in 
order to explain the gravimetric data (including only the time varia- 
tions and excluding those ascribed to altitude); but during the very 

sarly experiments in connection with this problem ne 1e veri :tions in 
composition as found by chemical analysis were of a magnitude not 
altogether inconsistent with acc ee of this hype te 


1. OXYGEN CONTENT 


The development of improved technique in volumetric gas analysis 
soon led, however, to a decidedly narrower range in the observed 
variations in composition, and the fluctuations in (averaged) oxygen 
content within the North Temperate Zone do not appear ® to exceed 
+1 part in 1,000 volumes. They are scarcely +3 parts in 1,000 
even if one considers both maxima and minima and includes the joint 
investigation by Morley, Hempel, and Kreussler on air collected 
simultaneously in 1886 at Cleveland, Bonn, Dresden, Para, and 
Troms6.!° Moreover, the greater normal densities found upon san 
pling at higher altitudes do not seem in accord with the Loomis- 
Morley hypothesis. The possible connection between such hig! 


1 
densities and certain variations in atmospheric ozone, as suggested 





5 Recent data are given by A. Stock, H. Ramser, and G. Eyber, Zeits. f. Phys. Chem., vol. 163, p. 82-90, 
1933. [ 


6 Ph. A. Guye, Jour. de chim. phys., vol. 15, p. 561-576, 1917; A. Jaquerod and Ch. Borel, Jour, de chim, 
phys., val. 19, p. 11-28, 1921. 
™M. Paya and E. Moles, Anales soc. espaii. fis. y quim., vol. 20’, p. 247-254, 1922; 24’, p. 564, 1926. 
‘EK. W. Morley, Amer. Jour. Sci., vol. 18, p. 168, 1879. 
*M. S. Blanchard and S. F. Pickering, B.S. Scientific Papers, vol. 21 (S529), p. 167, 1926. 
0 For collected data and bibliography see F. G. Benedict, The Composition o i the Atmosphe re, publica- 
tion no. 166 of the Carnegie Institution of Washington, 1912. 
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for the vicinity of Madrid," may be untenable as a general and satis- 
factory explanation, not only because of the very small ozone concen- 
rations that are usually found by direct tests but also because the 
presence at the earth’s surface of the required amounts of from 0.01 
to 0.02 percent of such an active agent as ozone should be chemically 
noticeable. If 20.94 + 0.05 is adopted as the range in volume per- 
centage of oxygen in CO,-free dry air, then comparatively few reliable 
analyses on normal air are found in disagreement therewith. Those 
analyses made by Moles ” on air sampled at Valencia and at Madrid 
are certainly exceptions. Possibly it is worth noting that Moles used 
a gravimetric method of analysis, whereas all air analyses considered 
by Blanchard and Pickering,’ and also those made by Stock, Ramser, 
and Eyber,'* were effected by volumetric procedures. 


2. ARGON CONTENT 


Very few direct determinations of argon in air seem to have been 
made. The writer has noticed those by Schloesing,’ by Kellas,’ 
and by Moissan.’’ <A value of 0.936 +0.003 percent is suggested as a 


range in good agreement with the evidence which they present. 
3. HYDROGEN CONTENT 


Concerning the proportion of hydrogen in the air it is well known 
that Rayleigh '* and other investigators ’* have reported negligible 
amounts. On the other hand, Gautier, whose work was quite 
elaborate but has received little notice, finds at least 2 parts of hydro- 
gen per 10,000 of ocean air taken near sea level 40 kilometers off the 
French coast. Rayleigh considered Gautier’s work as very carefully 
and thoroughly done and expressed his embarrassment and a tempta- 
tion to suppress his own results. A hydrogen percentage of 0.01 
+0.005 seems, therefore, in fair agreement with these data and the 


] 


range as thus expressed is probably ample. 
4. NITROGEN CONTENT 


If all constituents of CO,-free dry air other than nitrogen, oxygen, 
argon, and hydrogen are negligibly small, it then follows from the 
estimates listed above that the range in nitrogen content is expressible 
as 78.114+0.058 percent. This, of course, 1s only indirect evidence 
for the nitrogen content of air and the range depends almost entirely 
on the variations that are found in oxygen. Unfortunately no con- 
stituent except oxygen has been satisfactorily investigated by numer- 
ous experiments over periods of time sufficiently long to reliably 
establish the constancy or variability in its volume percentage. 





ii E. Moles, T. Batuecas, and M. Paya, Anales Soc. espafi. fis. y quim., vol. 20’, p. 34-40, 1922. The 
fluctuations in density and in oxygen content that these observers find at an altitude of 685 meters are some- 
what greater than have been found elsewhere (lower altitudes) since von Jolly’s experiments at Minich 
(altitude 515 meters) in 1879. 

12 E. Moles, Gazetta chimica Italiana, vol. 56, p. 938,'1926. 

13 See footnote 9, p. 113. 

14 See footnote 5, p. 113. 

18 Th. Schloesing, Comptes Rendus, vol. 121, p. 525, 1895; vol. 123, p. 696," 1896. 

16 Alex. Kellas, Proc. Royal Soc. London, vol. 59, p. 66, 1896. beh: & 

17 H. Moissan, Bull. Soc. chim. de Paris, (3) vol. 31, p. 729-735, 1904. ; 

18 Lord Rayleigh, Phil. Mag. (6) vol. 1, p. 100-103, 1901; (6) vol. 3, p. 416-422, 1902, obtained results varying 
from negative values up to 6 parts of hydrogen per 100,000 of air with an average of approximately 3 parts per 
100,000. 

19 G. Claude, for example, Comptes Rendus, vol. 148, p. 1454, 1909, finds less than 1 part of hydrogen per 
million parts of air. See also A. Krogh, Vidensk. Selsk. Math-fysiske Medd., vol. 1 (nr. 12), p. 1-19, 1919. 

2 A Gautier, Annales de Chimie et de Physique, (7), vol. 22, p. 5-110, 1901; Bull. Soc. chim. de Paris 
(3) vol. 29, p. 108-116, 1903. 
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Consequently, aside from the values for oxygen, the ranges suggested 
in the above summary are simply tentative estimates. Kven for 
oxygen it seems possible that further work by gravimetric methods 
may lead to some revision. 


IV. REFRACTOMETRIC EVIDENCE OF VARIATION 


In comparison with densities and chemical analyses, direct optical 
measurements on air have been less frequently made. Nevertheless, 
since 1857 the index of refraction of dry air has been determined in 
at least 40 distinct series of experiments. The general average of 
these data # is, for sodium light, u = 1.0002925, at a temperature of 
0 C and a pressure of 760 mm of mercury. Only 21 of these 40 
values fall within +5107? of the mean, 11 values being lower and § 
higher than this range. Since these data have not hitherto been col- 
lectively analyzed it is appropriate to remark concerning their possible 
accuracy and significance. 


1. ACCURACY OF THE DATA 


It is, of course, true that many of these observers did not remove 
CO, from the air, but the total variations on that account can scarcely 
be as large as 1X 107‘ in index. Also, various values of wave lengths 
are assumed and various values of gravity have been used (or neg- 
lected) in the corrections to standard pressure; but, with one or two 
exceptions, these uncertainties are likewise very small, being matters 
of approximately +1 1077 in index 

Sources of error that are of somewhat more importance are in- 
adequate care in removing moisture, the use of different temperature 
coefficients of index of air, and perhaps the assumption that, even 
for low pressures, the rate ‘of shift of interference fringes is constant 
as observed pressure varies uniformly. These errors, so far men- 
ne do ay affect » directly, but have their proportionate influence 
on (pu- 4) only. The effect of pressure on the apparatus is a different 
matter, not often explicitly considered, and the error in y itself may 
be proportional to certain compressive changes in length. For- 
tunately, with some experimental procedures, for example with the 
Jamin interferometer which is the one most frequently used for these 
measurements, the compressibility error is effectually compensated 
by Fa eg ray variation in the air paths outside the tubes. For 
the Fabry-Perot type of apparatus, however, it would seem that such 
an effect may be appreciable, although even here the error can be 
oe in the Meggers and Peters apparatus) reduced by a choice of 


‘he Landolt-Bérnstein Tabellen (fifth edition) list and give references to 27 cnc se values, the average 
for thet restricted group as therein listed being 1.0002925,. T he other references are: 

J. Jamin, Annales de Chimie et de Physique, (3) vol. 49, p. 282-303, 1857 

E. Mascart, Comptes Rendus, vol. 78, p. 617-679, 1874. 

L. Magri, Physikalische Zeits., vol. 6, p. 629-632, 1905. 

8. Loria, Annalen d. Phys. (4) vol. 29, p. 605-622, 1909. 

I, M. Mathews, Jour. Franklin Inst., "vol. 177, p. 673-686, 1914. 

V. Posejpal, Annalen d. Phys. (4) vol. 53, Pp. 629-646, 1917. 

V. Posejpal, Jour. de Phys. (6) vol. 2, p. 85-92, 1921 

A. Pérard, Procés-Verbaux des Séances, vol. a p. 16, 1923. 

A, Zwetsch, Zeits. f. Phys., vol. 19, p. 398-413, 1923. 

Tausz und Gérls acher, Zeits. f. techn. Phys., vol. 12, p. 19-24, 1931. 

Sears and Barrell, Phil. Trans. Royal Soc. London, vol. (A) 231, p. 126-127, 1932. 

Késters und Lampe, result obtained in 1932 at the Phys. Techn. Reichs snstalt and privately communi 
cated to the writer. 

G. Peters, unpublished result obtained in 1917 at the National Bureau of Standards with apparatus 

different from the at used by Meggers and Peters. 
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suitable separating posts and perhaps to some extent compensated 
by air film and certain differential compressibilities. 

The writer has reviewed many of these observations and has 
applied tentative corrections in those cases where the necessary 
data are given or have been readily obtained. The general average 
of all values remained essentially unchanged by these corrections, 
however, and the only important individual changes are a possible 
reduction of 9 < 107’ in Mascart’s (second) result and an increase 
of 5 X 1077 in index after reanalyzing and applying the Mascart 
index-pressure equation to the data given by Chapuis and Riviére. 


2. CHARACTER AND SIGNIFICANCE OF THE VARIATIONS 


If the variations among all of these indices of air could reasonably 
be considered as accidental errors in measurements, the mean could 
probably be accepted as establishing the refractivity of air within 
a very few units of the seventh decimal place. Some careful workers 
have, however, obtained results that differ from the mean by amounts 
that materially exceed the estimated errors. In particular, Lorentz 
(1870-75), Scheel (1906), and Meggers and Peters (1917) give values 
which are lower than the mean by 15, 9, and 8107’, respectively, 
while Ketteler (1865) and Quarder (1924) find results which are high 
by 22, and 7X10‘ in index. In this connection it should be remem- 
bered that air is compared with vacuum in these measurements 
and that differences of +10 107? in refractive index correspond to 
variations as large as +1 part in 300 in the quantity actually 
determined, namely the (excess) refractivity, u-1. In view of these 
facts and the known variations in air density, it appears possible 
that a similar uncertainty of approximately +1%*10~° may exist in 
the index of refraction of air. 

If the index of air varies slowly to this extent then it is easily 
shown that relative indices of refraction of very dense glass cannot 
(over a period of several years) be redetermined or checked with a 
precision better than +2%X10~*. If, in addition, these variations 
should prove to be functions of daily meteorological conditions 
some further question would arise concerning possible fluctuations 
of similar magnitude in index over relatively short periods of time. 
Recently, however, it has been reported * that measurements made 
on » at the Reichsanstalt to 1x 10~* show no noticeable vacillations 
with meteorological conditions, and this result is in agreement with 
the constancy which Stoll ** found in his precise experiments at 
Zurich. 

Any uncertainties in index of refraction of air are of great impor- 
tance, moreover, in correcting to vacuum values all wave lengths 
that are measured in air. An error of 1X 10~° in index of air corre- 
sponds to an error of 0.005 A in such a correction for a wave length 
of 5,000 A. Standard wave lengths are often given to 4 decimals 
and it was, no doubt, this state of affairs that in 1931 prompted a 
Subcommittee of the International Committee on Weights and 
Measures to sponsor further work on the refractivity of air. 





2 This is chiefly a temperature coefficient correction. Analysis of Mascart’s data indicates that hi. 
temperature investigation was systematically in error when data were taken at other than room tempera 
tures. On the other hand, Perreau, who afterwards used the same apparatus, considered Mascart’s result 
as independent of Mascart’s value for the temperature coefficient. 

#% Késters and Lampe, Zeits. f. Instrumentenkunde, vol. 35, p. 201-2, 1933. 
4 E. Stoll, Annalen d. Phys. (4), vol. 69, p. 81-111, 1922. 
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VY. QUANTITATIVE DISCUSSION OF COMPOSITION AND 
CONSTITUTION OF AIR 


The variations evidenced by gravimetric, volumetric, and reiracto- 
metric data can now be readily compared. Using the percentages 
adopted in section III, and taking the means of published * values 
for the densities and refractivities of the various constituents of 
CO,.-free dry air, some interesting computations can be made (by 
the additive rule for gaseous solutions) concerning the possible 
variations in these properties for atmospheric nitrogen and for air 
itself. The results are given as table 1 and the arrangement is 
such that the entries therein are self-explanatory. ‘The most impor- 
ant result of these computations is the conclusion that known 
variations in the chemical composition of air, while they are suf- 
ficiently large to account for some” of the known variations in 
the normal density of air, are wholly inadequate to cause any ap- 
preciable variation in the refractivity of CQ,-free dry air. Even 
ozone, in amounts up to 0.02 percent can only cause variations beyond 
the seventh decimal place of the refractive index of air. 


TaBLeE 1.—Composition, density, and refractivity of CO>-free dry air under standard 
conditions (see footnoie 4, p. 112) 


Percentage composi- | 
tion by volume (based | Density (mg per liter) 
on published data) 


Refractivity (up—1 
< 106 


‘ : . - Net re- 
Chemical substance Net weight fr: ct vit} 
i y 
— equivalent | Average ee 
‘is Average . sh.| © alent 
Normal IgE of normal | from pub- coun 


Average from pub- | 


lished data 


of normal 


variation variation 


variation lished 


i ae data in composi- 
| tion 
} | 
| 
. os f —0. 058 |} ae +0. 025 || 907 f —Q. 0034 
Ne... ‘ a : 8.114) 140.048 {f 1250-52) 990 ff = 797-8 1) +0, 0028 
Op ‘A i a shes 20. 04 +0, 05 1, 428. 93 +0. 068 270. 9 0. 0105 
Ass = 0. 935 +0. 003 1, 781 +0. 015 282 =0. 0003 
H.- . Se pee ere ene 0.01 | +0. 005 90 | 0. 060 | 140 +0. 0076 
eine eines x 0.00] (+0.01)?} 2,220 | (+0.093) 519 (+0. 0227 
<ten OW 4 
| NICE y “ae e | Computed from above , 292. 73 Ms * } 292. 0 be oy 
Average of published | ? 1, 292.75 | £0. 5 292. 5 +1 
observations. 
Computed from above: 
| Including H2_--.-_- 1, 256. 65 +0. 10 297.6 +0. 01 
Atmospheric nitrogen . Neglecting Ho- - --- 1, 255. 80 +0. 03 297.6 0. 003 
| Average of published 
observations.__._..- 2 1, 256. 67 | +0. 10 


‘ Considering the ozone variation as tabulated herein. 
? Near sea level. 


In this connection, however, the isotopes of oxygen and of nitrogen 
may require consideration. Recent measurements * have shown 
that the ratio of O'* to O" is approximately 1: 630 and the ratio of 

Tis KT ~d ‘é 9 
N® to N'4 seems to be almost twice that value.” 

**The Landolt-Bérnstein Tabellen have been used as the principal source for these data. For argon 
see also E. Moles, Ber. Deutschen Chem. Gesellschaft, vol. 60, p. 134-138, 1927. 

*In general it may be said that, excluding ozone, all other variations in chemical composition that 
appear possible in view of accumulated (volumetric) chemical data do not explain more than 30 percent 
of the established density variations. Moreover, +0.01 percent ozone can account for only 10 percent 
of the increases in density even if unaccompanied by a depletion of 02 

“ H. Kallmann and W. Lasareff, Zeits. f. Physik, vol. 80, pp 237-241, 1933. 


‘ - M. Murphy and H. C. Urey (Phys. Rev., vol. 41, pp 141-148, 1932) find 1 : 346 for the ratio N! 
0: 14, 
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The possible presence of oxygen in the forms (Q,), must also be 
remembered,” particularly in connection with the reported increased 
normal densities of air sampled at higher altitudes. Perhaps the 
degree of existing association may be influenced by various meteoro- 
logical conditions. 

Presumably then a change in the rate of general stirring and 
mixing of the atmosphere could produce changes in density, and 
probably in refractivity, that would exceed those predictable from 
data given by the purely (volumetric) chemical methods of analysis 
which of late have been used almost exclusively in investigations of 
this problem. On the other hand, gravimetric methods of analysis 
would, of course, be sensitive to variations in molecular association 
and in ratios of isotopes. This may partially account for the agreement 
that Moles finds between fluctuations in density and those in 
composition; also for the fact that Stock, Ramser, and Eyber,*' who 
used a volumetric method, do not find such an agreement. 

Unfortunately no refractivities of the isotopes of oxygen and 
nitrogen are as yet available for computations concerning these 
questions. Insofar as density * is concerned it is readily shown that 
variations of + 10 or 15 percent in the above-mentioned ratios of these 
particular isotopes of oxygen and nitrogen would cause variations of 
+ 0.03 or 0.04 mg in the weight of a normal liter of air, that is, only 
6 or 8 percent of the established density variations with time in a 
given locality. 


VI. REFRACTIVITY AND SUNSPOT NUMBER 


With these general ideas in mind, the data on refractive indices of 
air as determined by various observers were examined with particular 
reference to the time sequence in which the observations were made. 
Considering only the data published in the last two decades it was at 
once evident that 8 of a total of 10 values obtained between the years 
1912 and 1923 were lower than the general average (of u, = 1.0002923,) 
for the 20 years, while 8 of the 9 subsequent values have equaled or 
exceeded the general average. It happens that these 2 groups lie 
within the 2 opposite phases of the current 23-year magnetic cycle 
of sunspots. Consequently, since degree of storminess of the earth’s 
atmosphere (at least in North America) has been correlated ** with the 
Wolf-Wolfer series of annual relative sunspot numbers, and since 
sunspot numbers were appreciably higher during the first half of this 
23-year period, a partially explainable correlation between sunspot 
number and variations in the refractivity of air was suggested. For 
the 19 indices determined between 1912 and 1932, and for the cor- 
responding sunspot numbers, computation gave a Pearson correlation 
coefficient,** r= —0.52 (+0.11 probable error), and this preliminary 
result has been published.” 
~ 2% Oliver R. Wulf, Phys. Rev., vol. 41, pp 375-376, 1932, discusses the presence of O, in the atmosphere 
and its effect on the formation of O3 in the lower air at moderately high altitudes. 

” See footnote 12, p. 114. 

31 See footnote 5, p. 113. 

32 This reference to densities should not, of course, be construed as relevant evidence concerning refrac- 
tivities. For example, it is readily seen from the data of table 1 that both oxygen and argon are denser than 
either nitrogen or air but have lower refractive indices. , 

83 Ellsworth Huntington, Earth and Sun, p. 29; Yale University Press, 1923. See also the Julius Hann 
Handbuch der Klimatologie, 4th ed., p. 406, 1932; and Shaw’s Manual of Meteorology, vol. 2, p. 336. 


34 See any text on the theory of statistics. 
% L. W. Tilton, Nature (London), vol. 132, p. 855, 1933. 
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1. AVERAGE REFRACTIVITY DURING MAGNETIC CYCLE OF 
SUNSPOTS 


In the present examination of all available data on the refractive 
index of air it was assumed that the “‘double sunspot periods’’ 1844 
to 1866, 1867 to 1889, and 1889 to 1911 are comparable with the 
present magnetic cycle from 1912 to 1934 and in each of these 4 cycles 
the years were numbered from 1 to 23. Each observed index of air 
was then tabulated in one of 23 columns as determined by the date of 
first publication or by amore precise date if such has been noticed.” 
In order to simplify the presentation and the discussion, and also to 
avoid the element of personal choice, no instrumentally determined 
absolute values published since 1857 have been intentionally rejected 
and results have been used as they are computed and published by the 
observers.*” 

In obtaining values of the index for the sodium lines, the computed 
rather than the observed values have been favored, provided there are 
accompanying dispersion equations which seem reliable; and neces- 
sary interpolations have been made with such equations. All extra- 
polations and some interpolations have been made by comparison 
between the observers’ data and those computed by the Meggers and 
Peters dispersion equations which are based on observations for a 
very large number of wave lengths. Where temperature reductions 
have been necessary they have been made by the Meggers and Peters 
coefficients which, for lines near the middle of the visible region, are 
approximately equal to averages from the work of Benoit and of 
Pérard, both of whom observed at a large number of temperatures 
between 0 and 100 C. 

Simple averages were formed in each of the 23 columns in which 
indices were tabulated and then these results were plotted in figure | 
for comparison with the Wolf-Wolfer series of annual relative sunspot 
numbers, which were similarly averaged over the 4 magnetic cycles of 
23 years each. Each plotted point depends on from 1 to 5 series of 
experiments as indicated by the numbers shown near the small circles. 
No experiments occurred in the years 1, 2, 3, 9, or 10 of any cycle. 

Similar attempts to compare sunspot numbers and refractive- 
index data over a single or 11-year sunspot period are not quite as 
satisfactory as for the double or 23-year cycle which has been used. 
It seems, at least for the current cycle from 1912 to 1934, that those 
factors which tend to produce low refractivity during high sunspot 
numbers are not so potent during the second half of the double period, 
or else that their effect is masked. This, of course, may mean that 
two distinct causes having different periodicities are operating to 
produce the observed variations in refractivity. 

% For example, L. Lorentz, publishing first in 1875, states that his experiments on air were begun in 1870 
and often repeated through the years because he obtained such alow value. His result has been tabulated 
as of 1872. Benoit, in 1889, gives dates from July 1882 to January 1883. Stoll, in 1922 (see footnote 24 p. 116), 
lists some data as of 1920 and says his experiments were in progress when the Meggers and Peters paper 
appeared. (That paper was issued in October 1918 and appeared in B.S. Bulletin as of July 1919.) 

” A similar analysis based on selected and corrected data has been carefully considered but in most in- 
stances and in all general respects there is insufficient difference in final results to justify detailed presenta- 
tion. In the case of data by A. Zwetsch, however (see footnote 21, p. 115), his ‘‘corrected”’ value has been 
ignored in favor of the uncorrected value which he himself lists as comparable with those of other observers. 


Dickey’s results cannot be used because of the large arbitrary correction which he applies to all his data 
after a comparison with indices given by certain other observers. 
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2. NORMAL RANGE IN REFRACTIVITY AND A STATISTICAL 
CORRELATION 


The points plotted in figure 1 suggest a normal range in refractivity 
between upper and lower limits such as those which have been 
sketched above and below all the points. Certainly a curve of average 
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FiaurE 1.—Average refractivity of dry air (at 0 C and 760 mm pressure) compared 
with average of sunspot numbers. 





RELATIVE ANNUAL SUNSPOT NUMBER 
1844 — 1934 


The interval 1844 to 1934 has been divided into 4 periods of approximately 23 years each. The figures near 
the small circles indicate the number of experimental results that are av ailable for avers ving as of corre 
sponding years during any of the 4 cycles. No experiments occurred in the years 1, 2, 3, 9, or 10 of any 
cycle. For the years 22 and 23 only 3 values of annual sunspot number are available for estabilshing the 
curve of average sunspot number (Wolf-Wolfer series). 


refractivity is remarkably similar to that of average sunspot number 
but it must be remembered that some of the individual results depart 
widely from the averages, both for index and for sunspots. Con- 
sequently, in order to investigate further the matter of a normal range 
in refractivity the individual values were plotted in figure 2 for a 
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Figure 2.—Correlation between refractivity of dry air and sunspot number. 


lhe Pearson coefficient of correlation is r= 


¢ — 0.48 (0.08 probable error) as determined from 40 pairs of values 
Except where the magnitude and direction of annual change 





- 1 in sunspot number is indicated by arrows, 
the uncertainty in determining such number is estimated as +6 or less. 
located in a triangular area having the broad base Mp = 1.000292 to 1.000296 for S=0 with the apex near 


Note that all observations are 
# = 1.000290; for S=140 which is the upper limit for the whole period from 1844 to 1934. 
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direct comparison with sunspot numbers. In this latter exhibit 
arrows have been drawn to show the change in solar activity during a 
period (usually 1 year) within which an experiment is not definitely 
dated. 

It should be noted that the lowest value of index was reported by 
Lorentz and that he began his work in the year of largest annual 
sunspot number which has been observed since 1778. Miss Mathews, 
on the other hand, who reports the highest value on record is the only 
observer who has taken data during the last year of a 23-year cycle. 
Ketteler reported the next highest index in 1864 which was the 21st 
year of a cycle. 

All of these data are distributed over a triangular region forming 
considerably less than half the total area of figure 2. This particular 
distribution suggests that during the ‘‘disturbed periods”’, at times of 
high sunspot number, the index of refraction of air is relatively low 
and approaches a fairly constant value, the range being approxi- 
mately 1.000291 to 1.000292. During the “quiet periods”, when sun- 
spot numbers are low, the index is higher and there may be a much 
wider variation with a normal range extending from 1.000292 to 
1.000294 or higher, depending perhaps on the elapsed time since 
marked atmospheric disturbances. 

Computation gives a Pearson correlation coefficient, r= — 0.48 with 
a probable error of + 0.08; and the characteristic (or regression) lines 
have also been determined and are shown in figure 2. Although this 
value of r is not particularly high (as compared with unity for perfect 
correlation) it suggests a degree of relationship far from negligible. 
The value of 7 approximates six times that of its probable error and 
thus it is rather improbable (say 1 in 10,000) that the apparent degree 
of systematic trend in refractivity can be entirely the result of chance. 
This result for all data taken since 1857 (40 series of experiments) is 
in very close agreement with the previously mentioned correlation 
(r= —0.52) based on the data since 1912. The slope of —0.15 for 
the line of estimated refractivity for the 4 cycles of 23 years each is 
large compared with —0.08 which was previously * found for the 
current cycle only. This may, of course, be attributed in part to a 
coincidental irregularity in certain of the older measurements, but it 
suggests that the current cycle has not included times of extreme 
conditions. 


VII. CONCLUDING DISCUSSION 


Before concluding, brief references should be made to variations in 
the measurements of the dielectric constant of air and to determina- 
tions of absolute wave lengths which have been madein air. In regard 
to the dielectric constant, it seems that the number of observations 
and the accuracies obtained do not warrant a detailed analysis. The 
value given in the International Critical Tables is 1.000585 + 5x 107% 
and from theory and the conclusions reached in this paper a variation 
of about + 2X 10~* would be written to express the necessary minimum 
range in values for this constant. 

If the index of refraction of air varies as suggested by this analysis 
of existing data, then all determinations made in standard dry air on 
the relationships between wave lengths of light and other standards 





38 See footnote 35, p. 118. For estimating refractive indices of air during the current cycle, 1912 to 1934, the 
previously published provisional equation (u,—1)X10-7=2927.5—0.079S is probably preferable to the 
equation given in figure 2, for the complete interval since 1857. 
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of length are subject to a periodic error, having an amplitude of about 

t1 part per million. In the limited amount of published data con- 
cerning these relationships, the agreements are better than this 
estimate of the possible discrepancies but further consideration * 
shows that this should be the case, since no experiments of this nature 
have been conducted at such times that extremes in the average 
refractivity of air would necessarily be expected according to the 
curves of figure 1. 

When considering refractivity as a possible function of general 
turbidity (on a large scale) and subsequent very gradual settling, it 
must be remembered that changes in the oxygen and argon volume 
content of air are not important because their optical densities differ 
but little from that of air, the small changes in refractivity being, in 
fact, of opposite sign to those produced in density (m/v). On the 
other hand, until something more is known regarding the relative 
proportions and refractivities of the various isotopes and associated 
molecules which may be present in air, it seems impossible to say that 
appreciable variations in the index of air may or may not be occasioned 
by simple storminess and turbidity of the atmosphere, and the subse- 
quent gradual settling of certain components which are heavier and 
also have higher refractive indices. 

The apparent time lag required for the highe st indic« s seems to 
favor such views as compared with some electrical hypotheses relating 
to changes in refractivity. Moreover, the excellent consistency 
between the individual values in Stoll’s series of measurements, and 
the recent report regarding the constancy of air indices obtai ned at 
the Reichsanstalt do not accord with certain electric: . consid era- 
tions (such, for example , as an appreciable change prod uced at low 
altitudes in the degree of association of molecules), because data on 
other electrical and magnetic conditions usually show pronounced 
variations over short periods of time. The views herein presented do 
not seem, however, to conflict with the possibility that some electrical 
hypothesis (perhaps i increase in ionization) may account in part for 
those small decreases in the apparent normal density of air that are 
often found if samplings follow rather promptly after sudden increases 
in barometric pressure. 

All of the experimental evidence, considering both density and 
refractive index, does accord with the possibility of a small electrical, 
magnetic, or ultraviolet light effect (say, by means of a change 
produced more effectively at increased altitudes, in the degree of 
association of molecules) which may increase with altitude but is 
otherwise relatively constant in value except for a slight 23-year 
variation which is superposed on the 11-year cycles of storminess. 

In any event it appears unsafe to rely on the constancy oi y, the 
refractive index of air, over a period of years, or even Ww hen sampled 
simultaneously in different regions. The average of all measurements, 
namely 1.0002925 at 0 C and 760 mm pressure, still appears to be a 





% For example, Benoit, Fabry, and Perot (Travaux et Mémoires du Bureau int., 15, p. 1-134, 1913 
served in 1906, the 18th year of a cycle, and the Sears and Barrell (see footnote 21, page 115) provisional 
values were obtained in 1931, the twentieth year of the present period. 

40 See footnote 23, p. 116. Presumably this refers to constancy over a relatively short period as compared 
with the very long times required for appreciable segregation by settling out of heavier componen 
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fair general value for the sodium lines index, but it may be preferable 
for any given year to estimate the index from the equation 


(up— 1) X 107 = 2932.2—0.1488 (1) 


where S is the relative annual sunspot number according to the 
Wolf-Wolfer series of sunspot observations and the constants are 
provisional values derived from all available data taken since 1857. 
The probable error of the estimates derived from this equation is 
+5X1077, 

Since the annual sunspot numbers commonly vary from 0 to 100 it 
appears from equation 1 and its probable error that variations in 
index of air may frequently extend over a range of about +121077 


from the average value. Consequently, since n=— is the definitive 


iu 

relation between the relative index, n, of a medium and its absolute 
index, 7, one may write, A n= +12nX10~' to express approximately 
the corresponding uncertainty frequently present in carefully cor- 
rected indices of refraction which in the course of years are measured 
with respect to the CO,-free dry atmosphere of the earth. Similarly, 
it is found that this same degree of uncertainty in air index is approxi- 
mately equivalent to +0.4 percent variation in the 4 and 5 figure 
values of (us\—X) which are tabulated and used in correcting wave 
lengths from air to vacuum values. Obviously, then, this question of 
possible variability in the optical density of air should receive careful 
consideration whenever one discusses the subject of defining or using 
radiation in air as a standard of length. The uncertainty can be 
avoided if such a standard is defined and used in vacuum but with air 
involved it seems that further experiments over a period of years 
should precede international agreements. 


WasuHineton, February 20, 1934. 
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CORROSION OF FERROUS METALS IN ACID SOILS 
By I. A. Denison and R. B. Hobbs 


ABSTRACT 


Corrosion of ferrous metals in acid soils is influenced largely by the acidity of 
the soil. A definite correlation was obtained between the average rates of pitting 
of ferrous specimens exposed to acid soils for 8 and 10 years and the total acidity 
of the soils. A similar correlation was also obtained between the total acidity of 
soils and losses of weight of steel specimens in a laboratory test. The effect of 
acidity in inducing corrosion is attributed to its action in preventing the formation 
of protective layers of ferrous and ferric hydroxides. The pitting factor, defined 
as the ratio of the maximum depth of pits to the average depth of penetr: ation, 
is shown to be roughly proportional to the ratio of the un noareaded to corroded 
areas on a metal surface. Measurements of several physical properties of soils 
which determine their permeability were correlated with th e pitting factor, indi- 
cating that the more permeable the soil, exclusive of sands, the greater is the 
tendency for corrosion to take the form of pitting, other conditions being the 
same. Certain soils may be so impermeable that the rate of pitting in them is 
very low. 


CONTENTS 

Page 
SRR oc Ee a AEE oe sd Eee 125 
II. Influence of acidity in submerged corrosion_ - --_- 27 
III. Influence of acidity on corrosion of steel in sy nthetie soil 128 
IV. Influence of acidity on corrosion in natural soils : 130 

1. Relation between rates of pitting of buried specimens and total 
SO i a. So 130 

. Relation between rates of pen etra .tion of stee lin 1; abo ratory test 
and total acidity of soils_____ a one 35 

V. Distribution of corroded and uncorroded areas as indicated by the 
aniea Tre 2k ek ee Oo ey 5 37 
VI. Relation of the physical properties of soils to corrosion ore 140 
1. Methods of measuring physical p roperties of soils 141 

2. Correlations between physical properties of soils and pitting 
er ce ee A oa : ng hs di 146 

Wer UME ss GS a ee Pe z Bie 14 


I. INTRODUCTION 


One of the most important conclusions which has been drawn from 
the National Bureau of Standards investigation of underground cor- 
rosion is that corrosion is determined by the nature of the soil rather 
than by the kind of ferrous material exposed to the soil. Conse- 
quently, efforts are being made to correlate the important physical 
and chemical properties of the soils at the test site s with their corro- 
siveness, as indicated by their behavior toward buried specimens of 
the commonly used pipe materials. Although these studies have not 
been completed, the results have indicated the influence of several 
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properties of the soil in producing corrosion and have led to methods 
for estimating the corrosive action of soils. 

Since the soils of the United States are diverse, it is to be expected 
that the causes of corrosion would differ in different classes of soils, 
and that methods used in estimating corrosiveness should be adapted 
to the general class of soil to be tested. It has been shown that in 
certain arid and semiarid regions measurements of the electrical 
resistivity of soils are useful as one means of predicting corrosion (1).’ 
In more humid regions, such as the eastern United States, where the 
soils have developed varying degrees of acidity, a relation between 
corrosiveness and soil acidity might be expected, as has been suggested 
by one of the authors (2, 3). 

The development of acidity in soils is a result of natural processes 
of weathering under humid conditions. In the soils of arid and semi- 
arid regions of the West and Southwest accumulations of. soluble 
salts are of frequent occurrence, but in the more humid regions the 
rainfall has been sufficient to remove such salts to a considerable 
extent. In regions of high rainfall not only have the soluble salts 
and the difficultly soluble carbonates been removed but also the 
absorbed bases normally present in the colloidal material of the soil 
have been partly removed and replaced by hydrogen ions. This 
process eventually gives rise to the condition known as soil acidity. 
The depth to which this replacement of bases has occurred varies 
with rainfall, drainage, type of vegetation, and nature of the parent 
material. The fully developed soils of the prairie region have become 
acid to a considerable depth, while soils whose development has been 
retarded by imperfect drainage or by other conditions are alkaline 
and may even contain appreciable quantities of salts. East of the 
prairies, the well developed soils are generally acid throughout the 
soil profile 

Although many imports unt_soils occupying extensive areas are 
known to be very acid at the depth at which pipe lines are laid, little 
is } definitely known concerning their action on ferrous metals, espe- 

cially with regard to the mechanism of corrosion in such soils. In 
fact, a systematic study of the properties of acid soils which influence 
corrosion has not hitherto been possible owing to lack of adequate 
experimental data. However, with data now available from exam- 
ination of specimens which have recently been removed from a large 
number of the National Bureau of Standards test sites after exposure 
to the soil for 10 years, the corrosiveness of the soils under study has 
been fairly well established. 

The properties of acid soils which appear to be of primary impor- 
tance in corrosion are the following: Hydrogen-ion concentration, total 
acidity, texture and the permeability to air and water. Although 
any one of these factors may possibly exert a predominant influence 
on corrosion in certain soils it would seem that in well-drained soils 
of similar texture a single factor such as hydrogen-ion concentration 
or total acidity might be correlated with corrosiveness. However, 
before considering the influence of acidity on the corrosiveness of the 
soils at the test sites, it is preferable first to review certain investiga- 
tions of corrosion of submerged specimens in which the influence of 

the acidity of natural waters was specifically studied, and, secondly, 


1 Figures in parenthesis here and throughout the text indicate references and notes given in the ‘‘ Refer- 


ences’’ at the end of this paper. 
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to study the relation between acidity and corrosion in a synthetic 
‘‘soil”” in which acidity is the only variable. 


II. INFLUENCE OF ACIDITY IN SUBMERGED CORROSION 


It is generally recognized that the acidity of the solution in contact 
with the metal surface is a factor of great importance in the corrosion 
of submerged ferrous materials. Baylis (4) has pointed out that the 
tendency for iron to go into solution would be a function of the H-ion 
concentration if there-were rapid displacement of the solution in 
contact with the metal and no tendency to form a surface coating. 
From a large number of tests Baylis has determined the quantities of 
iron which can remain dissolved in natural waters at various pH 
values. Practically no iron was found in solution at pH 8 in the 
absence of oxygen, whereas at pH 6.5 several hundred parts of (fer- 
rous) iron per million remained in solution. The effect of oxygen on 
such a system in equilibrium is, according to Baylis, to precipitate 
iron as ferric hydroxide, and to establish an equilibrium at a much 
lower pH. Baylis has further pointed out that the tendency for iron 
to go into solution is so great at the pH values of natural waters that 
the life of iron pipe depends almost entirely on the factors which 
retard corrosion. The most important of these factors is, of course, 
the formation of films or protective layers of corrosion products. 

The influence of the acidity of water containing oxygen on the 
protectiveness of rust films has been extensively studied by Whitman, 
Russell, and Altieri (5) and by Whitman and Russell (6). Employ- 
ing the oxygen absorption method, these investigators studied the 
rate of corrosion of iron in a natural water at various pH values and at 
several oxygen concentrations. They found that between approxi- 
mately pH 9.5 and 4 the rate of corrosion was unaffected by the H-ion 
concentration of the main solution, but was determined by the rate 
at which oxygen diffused to the cathodic surface, and by the protec- 
tiveness of the hydroxide film formed on the metal surface. The 
protective action of this film in water having a pH value as low as 4 
was attributed to the fact that the quantity of hydrogen ions coming 
in contact with the metallic surface was insufficient to neutralize 
and dissolve the film. However, when carbon dioxide was intro- 
duced, rapid corrosion occured at pH 5.4, because then the increased 
total acidity of the water was sufficient to neutralize the hydroxide 
film. This result led to the conclusion that total acidity is more 
important in corrosion by natural waters than is the actual concentra- 
tion of dissociated hydrogen ions in the solution, i.e., the pH value. 

In applying to corrosion in soils the relations between acidity and 
corrosion which were observed by Whitman and Russell, it should 
be noted that the acids present in soils are extremely weak. Because 
of the very slight dissociation of the soil acids, the pH value of a soil 
may offer no indication of the capacity of the acidic material to prevent 
the formation of an otherwise protective layer of the hydroxides of 
iron. A soil having a high pH value and a ‘high total acidity would 
be expected to be more corrosive than a soil having a low pH value 
and a low total acidity, because of the greater ability of the soil with 


the high total acidity to prevent the formation of a protective hydrox- 
ide layer. 
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Further information concerning the influence of total acidity in 
submerged corrosion can be obtained from the study of systems in 
which the pH value of the solution was sustained by adequate buffer- 
ing. Shipley and McHaffie (7) introduced iron filings into solutions 
buffered at several pH values and found that the rate of hydrogen 
evolution in the absence of oxygen was directly proportional to the 
hydrogen-ion concentration of the solution. 

Holler (8), as a result of his study of hydrogen evolution from iron 
filings in contact with soil in the absence of oxygen, found a logarith- 
mic relation between the total acidity of the Bureau soils and the 
volume of hydrogen evolved, and suggested that the corrosiveness of 
soils in humid regions might be predicted from their total acidity. 

It is seen from these studies that the rate of corrosion of ferrous 
materials under certain conditions is definitely related to the acidity 
of natural waters and of soils. It has also been noted that with a 
definite oxygen concentration the rate of corrosion is determined by 
the total quantity of ionizable hydrogen which comes in contact with 
the metal surface, rather than by the hydrogen ion concentration of 
the corrosive medium. Unless the quantity of acid which comes in 
contact with the metal surface is sufficient to prevent the formation 
of protective hydroxide films, these films will tend to form regardless 
of the H-ion concentration (within the range of natural waters). 
Although the work of Shipley and of Holler, previously cited, leaves 
no doubt concerning the relation between total acidity and the cor- 
rosion of iron in soils in the absence of oxygen, the influence of acidity 
in soils in the presence of oxygen is not well understood. Since oxygen 
is usually present in moderately drained soils, it is important to 
ascertain the influence of acidity on the rate of corrosion of ironin 
the presence of oxygen. 


III. INFLUENCE OF ACIDITY ON CORROSION OF STEEL 
IN SYNTHETIC SOIL 


The influence of acidity on the corrosion of steel in soil in the 
presence of oxygen was studied by means of a laboratory corrosion 
test, which has been described in a previous publication (2). The 
test consisted in determining the loss of weight of a steel disk in con- 
tact with moist soil for a period of 2 weeks. 

For the present study a synthetic soil consisting of quartz flour 
with 10 percent of agar was employed. The acidity of the material 
was regulated by additions of a mixture of N sodium acetate and N 
acetic acid in such proportions and concentrations as to produce the 
desired pH and total acidity. The latter was computed from pH 8.3, 
the neutral point of sodium acetate. These mixtures were em- 
ployed because of their marked buffer capacities, which allowed large 
changes in total acidity with relatively small change in hydrogen-ion 
concentration. The use of buffer solutions gave the added advantage 
of allowing the pH range to be confined to that normally shown by 
soils. 

The corrosion cells were prepared in triplicate according to the 
following procedure. The surface of each specimen, which consisted 
of a disk of cold rolled steel 1.74 in. (44.5 mm) in diameter and 
12 mils* (0.3 mm) thick, was prepared by rubbing with 1G French 


21 mil=0.001 inch or 0.025 mm, 
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emery paper and cleaning with ether and alcohol. After weighing, 
one face of the disk was lacquered in order to confine corrosion to one 
face only, and the disk was placed in a straight-side crystallizing dish 
of slightly greater diameter with the unprotected face uppermost. 
The disk was then covered with 20 g of a quartz flour-agar mixture 
which had been previously prepared ‘by saturating the material with 
water, drying slowly on a steam bath, and then crushing the lumps 
to pass a no. 20 sieve. The material was then compacted by rotating 
on its surface a brass cylinder weighing about 500 g. A sufficient 
quantity of the buffer solution was added to produce the desired 
acidity in terms of milliequivalents of hydrogen per 100 g*offsoil and 
to bring the moisture content of the soil up to 40 percent of its dry 
weight. Each corrosion cell was theninserted in a}l-pint (500 ml) 
preserving jar in which a small amount of water had been added to 
produce a saturated atmosphere, and the jars were seled and placed 
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Figure 1.—Relation between acidity and corrosion of steel in synthetic soil. 


in a chamber maintained at 25 C. In order to maintain the partial 
pressure of oxygen within the jars approximately the same as that in 
the outside atmosphere the jars were opened for a few minutes every 
5 days. At the end of the test period the disks were removed and 
cleaned by alternate brushing and immersion in warm 10 percent 
ammonium citrate solution made alkaline with ammonium hydroxide. 
The loss of weight was calculated as average rate of penetration in 
mils per year. Most of the values shown in figure 1 are the averages of 
three (others of two) concordant results. The agreement of duplicates 
was usually within about 10 percent. 

The changes in the rate of corrosion shown in figure 1 can be 
explained according to the electrolytic theory of corrosion. In the 
extreme alkaline range, in which the rate of corrosion is very low, 
it is probable that local anodic areas set up by differential aeration 
could not develop rapidly because of the protective action of a layer 
formed by precipitation of ferrous and ferric hydroxide in immediate 
contact with the metal surface. In the range of slight alkalinity, 
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where there is evidence of partial film protection, it is probable that 
ferrous and hydroxyl ions migrating along the surface in opposite 
directions between anodic and cathodic areas were precipitated over 
some intermediate area when their concentrations became sufficiently 
great, and thus reduced the accessibility of air to the active cathodic 
surface. In the acid range, diffusion of ferrous and hydroxyl ions 
was not restricted to directions parallel to the metal surface, but also 
occurred outward into the soil, where they came into contact with 
oxygen, which caused precipitation as ferric hydroxide. Accumula- 
tion of the metal hydroxides on the metal surface and in the soil mass, 
with consequent reduction in the access of air to the cathodic surface, 
would explain the diminution in the rate of increase of corrosion with 
respect to acidity. The sharp increase in the rate of corrosion in 
acid concentrations greater than 16 m.e. of hydrogen, at pH 4.8, 
accompanies rapid evolution of hydrogen gas in such soils. 


IV. INFLUENCE OF ACIDITY ON CORROSION IN NATURAL 
SOILS 


1. RELATION BETWEEN RATES OF PITTING OF BURIED SPECI- 
MENS AND TOTAL ACIDITY OF SOILS 


In a paper previously referred to (3) a correlation between the total 
acidity of soils at the National Bureau of Standards test sites and the 
rates of pitting of the ferrous specimens was indicated. Although the 
importance of soil acidity as a factor in corrosion was evident from 
this study, the nature of the relationship was indefinite because of 
uncertainty concerning the corrosiveness of the soils. However, with 
data available from measurements of corrosion made on buried speci- 
mens removed after 10 years, the corrosiveness of many of the soils 
becomes fairly well established and the relation between total acidity 
and corrosion can be more clearly defined. 

From each site at each biennial inspection , eight specimens 
of 1.5 in. (38 mm) pipe and eight of 3 in. (75 mm) pipe of each kind 
were removed. Each specimen was 6 in. (15 cm) long. As the re- 
sults with pure open-hearth iron, wrought iron, Bessemer steel, open- 
hearth steel, and steel containing 0.2 percent of copper, were prac- 
tically the same, the average values for the five kinds of pipe were 
used in the calculations. Similar results with cast-iron pipes were less 
concordant and were hence not included in these averages. The 
tendency for the depth of pits to increase with the area of the specimen 
was compensated for by averaging the single deepest pits on the 
1%-in. specimens and the two deepest pits on the 3-in. specimens as 
described by Logan and Grodsky (9). The total area represented by 
the 24 measurements was 4.7 sq ft (44 dm’). 

In calculating the rates of pitting and of average penetration of the 
specimens the data for the five inspection periods were used. By 
plotting the depth of pits on the specimens from each site against the 
time of exposure and drawing a smooth curve through the points, a 
value is obtained for the average pitting rate during the first 10 years, 
which is based on 80 measurements instead of only the 16 measure- 
ments that would have been available if only the specimens removed 
after 10 years had been considered. The benefit of the larger number 
of measurements in the final result is that it minimizes the effects of 








-— Wes 








3.S. Journal of Research, RP696 


Soil 
num- 
ber 


= 


Appearance of specimens ex posed to 


test. 

Soil type Loss of epeci 

’ weight men 

gm 

Mahoning silt loam 0. 074 E 
Genesee silt loam 101 k 
Knox silt loam .186 | G 
Sassafras silt loam . 201 H 








G H 


various soils in laboratory COrTrTosion 


Soil ve of 

num Soil type 

ber baie 
3 Cecil Clay loam 0. 310 
12. Susquehanna clay . 461 
7 Fairmount silt loam 446 


43. Tidal marsh 564 











B.S. Journal of Research, RP696 





FiGure 6. Type s of corrosion observed on pipe lines. 





Figure 7.—Types of corrosion shown by ferrous specimens in various soils 
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abnormal variations in the corrosiveness of the soil at any given site. 
An added advantage of this procedure is that it becomes possible to 
include in this comparison data of 8 years’ exposure in soils from 
which the 10-year specimens have not yet been removed. 

To supplement the data on the field specimens, laboratory studies 
were made of the corrosion of steel disks in samples of soil from the 
same test sites. The laboratory test was conducted as described in a 
previous section with a few modifications. Instead of protecting one 
surface of the disk with lacquer both surfaces were exposed to the soil. 
Five grams of soil were placed in the dish, the soil was compacted, and 
a definite quantity of water was added. The weighed disk was then 
placed in position, and two 10-g portions of soil were added with suc- 
cessive compression and addition of water. The quantity of water to 
be used for each soil was determined in preliminary tests by adding 
increasing amounts of water to corrosion cells and selecting the con- 
centration which produced maximum corrosion. Since the moisture 
content for maximum corrosion did not differ by more than 5 percent 
from the moisture equivalent (the percentage of moisture retained by 
a definite weight of soil under a centrifugal force of 1,000 times 
gravity), it was sufficient in testing soils by this method to set up cells 
with only three moisture contents, namely, moisture equivalent, and 
5 percent above and below moisture equivalent. In order to avoid 
corrosive action from the carbon dioxide produced by bacterial 
activity, a saturated solution of thymol instead of distilled water was 
used. ‘This precaution was especially necessary in testing calcareous 
soils containing large quantities of organic matter. 

As preliminary studies showed that the losses in weight of specimens 
in different soils were in about the same ratio for periods from 2 to 8 
weeks, a 2-weeks period was adopted for the tests. The values in 
table 1 are averages of two or more concordant results. In most soils 
duplicate results were concordant. Except for very small values and 
occasional erratic results the agreement between duplicates was within 
15 percent. The effects of different soils on steel specimens in the 
laboratory test are shown in figure 2 (for one month instead of the 
customary 2-weeks contact). 

Determinations of total acidity were made by the methods described 
in previous publications (3, 10). The general method was based on 
the principle of electrometric titration. Soil extracts were prepared by 
adding to 10-gram samples of soil increasing amounts of a saturated 
solution (0.045 N) of Ca(OH), in NaCl, and the pH values of these 
extracts, determined colorimetrically, were plotted against the quan- 
tity of alkali added. The inflection in the titration curve (usually 

at about pH 7.8) was taken as the end point of neutralization. For 
| organic soils an indirect method was employed to avoid consumption 
of alkali by processes other than neutralization of acidity. 

Determinations of hydrogen-ion concentration were made by the 
colorimetric method using a 1: 2 soil-water ratio. Each indicator was 
adjusted isohydrically to its acid, midpoint and alkaline range to 
avoid altering the pH value of the tested extract. 

The electrical resistivity of the soils was determined by means of 
the wheatstone bridge, using alternating current. The soil samples 
were saturated with water, mixed thoroughly, and allowed to stand 
several hours before being tested. The values were corrected to 
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60 F (15.6 C). Descriptions of the soils have been given in a 
previous publication (11). It should be noted that soil 7, though so 
designated in table 1, is not Fairmount silt loam. Soils of the Fair- 
mount series are alkaline below the surface, whereas the soil in ques- 
tion is very acid to a depth of 40 inches. The data obtained from 
the laboratory and field tests are summarized in table 1. 


TABLE 1.—Relation of soil properties to corrosion 


Corrosion rates Soil properties 











enlag ~ 
Soil | | ose os a 
num- Soil type Depth | Location |e. | 2° ae 
ber } 1 Se | Se Of, 
a oe ee > 
}oa Sle & Pes 
| |}~eSE|+8s > 
ies - = & ~s 
| } ~#¢ D 
oa eo |e | = 
} | | | Ohms- 
In. Mils/yr | Mils/yr | Mils/yr ; cm 
1 | Allis silt loam a 90 | Cleveland, Ohio---| re 1.4 7.01 201 1.47] 128 
2 | Bell clay.-..__- 40 | Dallas, Tex______- 4.5 | 2% 231 7.31 3.5 | 800 
3 | Cecil clay loam__- 32 | Atlanta, Ga____- 7.5 61 2817 £2 11.5 | 30,000 
4 | Chester loam-_---- J 36 | Jenkintown, Pa_-_- 6.0 | 1.0 | 6.8! 5.6) 7.6 | 6,670 
6| Everett gravelly 36 | Seattle, Wash__- 2.0 | .2 18{ 5.9] 12.8 | 45,100 
sandy loam. 
7 | Fairmount silt loam _- 40 | Cincinnati, Ohio__ 3.4 | mS 13.8 4.4 9.8 2, 120 
9 | Genesee silt loam-_--- 22 | Sidney, Ohio_____- (! | 5 3.6 | 6.8} 1 2, 820 
10 | Gloucester sandy loam 30 | Middleboro, Mass 1.4 7 3.4 6. 3.6 7, 460 
11 | Hagerstown loam_-__- 60 | Baltimore, Md-_-_- 7.0 3 9.2 5.3 10.8 | 11,000 
14 | Hempstead silt loam_-- 60 | St. Paul, Minn- 11. A 4.0] 6.2 5.6 | 3,520 
| | | 
15 | Houston black clay-- 36 | San Antonio, Tex 6.0 1.1 5.9 7.5 5.0 70 
16 | Kalmia fine sandy | 30 | Mobile, Ala_- ‘ 6.9 10; 10.6 4.4 11.8 | 8, 290 
loam. | 1% | | 
17 | Keyport loam_-_-_---- 36 | Alexandria, Va--- 3.9 | 1,2 15.2] 4.5 19.1) 5,980 
18 | Knox silt loam_-_-_-_- 48 | Omaha, Nebr_--- 5.7 5] Oi 7.3 1.4 1, 410 
19 | Lindley silt loam ___- 36 | Des Moines, lowa_} 6.0 } a 4.6 10.9 1, 970 
20}! Mahoning silt loam_-_-| 50 ; Cleveland, Ohio--- 4.1 e 5 7.5 | 1.5 
21 | Marshall silt loam__--| 36 | Kansas City, Mo.- 6.5 9 9. 5 6.2 | 9.5 
22 | Memphis silt loam --} 33 | Memphis, ‘Tenn--- 6.0 1.1 6.9} 4.9 9.7 
24 | Merrimac gravelly 33 | Norwood, Mass_- 2.0 | 22 3.0} 4.5 12.6 | 
sandy loam. | 
25 | Miami clay loam a 36 | Milwaukee, Wis- -| 4.5 | 3 | 3.1 7.2 4.7 | 1,780 
26 | Miami silt loam -._-_-_-| 48 | Springfield, Ohio._| (') | 3 | 2.8) 7.3 2.6} 2,980 
a7 | Bidlier GiAy...........-. 30 | Bunkie, La--..-_---| 4.0 | 8] 4.4/1 6.6) 3.7 1 500 
23) Beek. ......-.. Saat 24 | New Orleans, La_-| 10.9 28) Tt) 23) Ser ie 
30 | Muscatine silt loam---| 36 | Davenport, lowa_-| 4.1 | a4 6.3 | 7.01 2.6 | 1,300 
31 | Norfolk sand---__----| 24 | Jacksonville, Fla_-| 4.0 | 4] 3.2] 47] 1.8 | 20, 500 
| 
32 | Ontario loam-___-__-- 48 | Rochester, N.Y ---! 4.5 4} 27 1,.7.84 .5 | 5,700 
Se ees, taht .| 24] Milwaukee, Wis..| 9.7] 17] 59] 68] 360 850 
34 | Penn silt loam-_-.____-- 34 | Norristown, Pa---! 6.5 | * §.6] 6.7] 7.0 | 4,900 
36 | Ruston sandy loam-_-} 36 | Meridian, Miss. - 4.7 4} 4.2] 4.5] 4.6 | 11, 200 
37 | St. Johns fine sand-. -| 30 | Jacksonville, Fla-- 7.3 | 1.3 | 7.2} 3.8] 15.3 | 11,20 
j | | 
38 | Sassafras gravelly | 30 | Camden, N.J__---| 3.0 4 | 3. 2 41.5 1.7 | 38, 600 
sandy loam. | } | | | 
39 | Sassafras silt loam --- 36 | Wilmington, Del-- 5.7 | 8 | 7.6) 5.6] 6.6 7, 440 
40 | Sharkey clay... --- | 30 | New Orleans, La_- 7.3 | 1.2 | 8.1] 6.0 | 9.4 | 970 
41 | Summit silt loam-_-_-__| 36 | Kansas City, Mo- 6.4 8 9.7 5.5 11.0 1, 320 
j i | ! 
42 | Susquehanna clay - --- 30 | Meridian, Miss. - -| 9.7 16] 17.9] 4.7 | 98.2 | 13,700 
43 | Tidal marsh-_-_------- 36 | Elizabeth, N.J._..| 10.0 | Lei 4 3.1 36.8 | 60 
7 | 7.3 5.8 | 8.8 | 1,000 


44 | Wabash silt loam : 30 | Omaha, Nebr__-_- ae s 


1 Not determined. 
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It will be seen from the table that the soils differ widely with 
respect to their corrosiveness and their acidity and resistivity. The 
rate of average penetration of the field specimens is seen to range 
from 0.2 to 2.3 mils per year (soils 6 and 29) and the rate of pitting 
from 2 to 11.5 mils (soils 6 and 14). Although the soils that show 
extreme pitting, i.e., 29, 33, 42, 43, also show large average pene- 
tration, there is no consistent relation between pitting and average 
penetration. ‘The pH varies from 7.5 in soils 15 and 20 to 3.1 in the 
very acid tidal marsh soil, 43. The total acidity ranges from 0.5 
m.e. in soil 32, to 36.8-m.e. in soil 43. There is no consistent rela- 
tion between the values for hydrogen ion concentration and total 
acidity; soil 31, having a pH of 4.3, contains 1.8 m.e. of ionizable 
hydrogen, while soil 42, having the same pH value, contains 28.2 
m.e. of hydrogen. Although the influence of the texture of the soil 
on corrosion will be discussed in a succeeding section, it may be noted 
at this time that the sandy soils, 6, 10, 24, 31, and 38, are relatively 
noncorrosive. The data for resistivity cannot be correlated with the 
corrosion data. 

Although there are many exc eptions, certain definite trends can be 
observed between corrosion, as indicated by the field and laboratory 
tests, and acidity, as indicated by the values for hydrogen-ion con- 
centration and for total acidity. Soils having pH values above 7 
2, 15, 18, 20, 25, 26, 30, and 32) are relatively noncorrosive, while 
soils having low pH values (29, 37, - and 43) are corrosive. The 
well-drained sandy soils (6 so 24) do not conform to this relation. 

If the values for total acidity are now compared with the rates of 
pitting, a fairly satisfactory correlation is seen. Thus, soils 1 and 33, 
which are corrosive in spite of their high pH values, have high total 
acidities. ‘The pitting tendencies are more clearly indicated by the 
values for total acidity than by their pH values. Thus, according 
to pH, soils 1, 3, 4, 11, 16, 21, 39, and 41 would be grouped simply 
as moderately pitting soils. However, when arranged in the order 
of increasing total acidity, they stand in the order of their corrosive- 
ness with respect to pitting. 

In the light of the theoretical considerations advanced earlier in 
this paper it would be expected that the total acidity of soils would 
indicate their relative corrosiveness more exactly than would values 
for H-ion concentration. If it is assumed that corrosion is inhibited 
by films of hydrated oxides formed on the metal surface, then the 
formation of such films would be determined by the to tal quantity 
of ionizable hydrogen in contact with the corroding metal rather 
than by the concentration of hydrogen ions. If the quantity of 
ionizable hydrogen (that is, the total acidity) is sufficient to neutral- 
ize hydroxyl ions as they are formed at the cathode, then a pro- 
tective hydroxide layer will not be produced and corrosion will 
continue unrestricted. On the other hand, if a high concentration 
of hydrogen ions is not accompanied by a high total acidity, then the 
production of hydroxy] ions at the cathode will ultimately result in 
a decrease in hydrogen i ion concentration and in the prec ipitation of 
metal ions as hydroxide i in the form of a protective film. 

The relation between the average rate of pitting of the ferrous 
specimens and total acidity is best illustrated graphically. In 
plotting the data shown in figure 3, the values for sandy soils were 
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omitted. The data for certain other soils, nos. 9 and 26, which 
conformed well to the acidity relation after 8 year’s burial, are not 
shown in the figure since some doubt exists as to their rates of pitting 
at 10 years. 

The relation between pitting and total acidity shown in figure 3 
can be explained by assuming that the protective effect of the prod- 
ucts of corrosion varies with “the acidity of the soil. The relatively 
slight corrosion observed in the soils having low total acidities, such 
as 20, 30, and 32, would then be accounted for by assuming that 
precipitation of ferrous and ferric hydroxides in immediate contact 
with the metal surface produced a dense rust layer which tended to 
inhibit further corrosion. The higher corrosion rates in the moder- 
ately acid soils, such as 3, 16, 21, and 41, would then be ascribed to 
the lessened protectiveness of the rust layer with increasing acidity. 
Because of the greater solubility of the hydroxides of iron in these 
______-._—_ soils there was prob- 
[ ably appreciable dif- 

| fusion of the metallic 
and hydroxide ions 
as pul —_|_—15--} outward into the soil, 
eee 4 precipitation occur- 
| ring at an appreciable 
ly distance from the 


Oh aeetl +. aE Se ee Ga metal surface when 
eo | 7 the concentrations of 
7, oceans Geren ey, Conn SES GEES TR DORE RE the reacting ions 
aS became _ sufficiently 
oe j ee eee great. Accumulation 
ey / ee | of the precipitated 
Po caece, gaa eeee ee eee es ee ee ee 
; a | | the pore spaces of the 
: ee en a a ee soil would tend to re- 
| strict the movement 
0 8 6 24 32 40 of air through the soil 
incu tiie fl 
FIGURE 3.—Relation en a Lye: Sagd 10-year pnd would result in a 
specimens and total acidity of soils. reduced rate of cor- 
rosion. In the very acid soils, 29, 33, 42, and 43, it is probable thet 
precipitation of the hydroxides in quantities sufficient to affect the 
rate of corrosion does not take place until a large loss of metal has 
occurred. 

It is of interest to note in figure 3 that the rates of pitting in two 
very acid soils, 7 and 17, are even lower than the rates of pitting in the 
least acid of the soils. This fact may be taken to indicate the pre- 
dominating influence of some factor other than acidity in the corrosive- 
ness of these soils. As will be seen in a succeeding section on the 
physical properties of the soils, the failure of these soils to conform 
to the acidity relation may be ascribed to their natural impermeability 
to air. No explanation can be offered at this time for the high-pitting 
rate in soil 14. 

Although the low acidities of soils 2, 15, 20, 30, and 32 are sufficient 
to account for their relatively low ‘corrosiveness, the presence of 
calcium carbonate in these soils also probably tends somewhat to 
inhibit corrosion. Since the solutions in contact with the metal 
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surface in these soils are in equilibrium with calcium carbonate, an 
increase in the hydroxyl ion concentration at the cathode would 
result in the precipitation on the metal of a thin layer of calcium 
sarbonate which would have some protective action. Precipitation 
of this kind is known to occur in the interior of pipes carrying water 
saturated with calcium carbonate. 

Although a correlation exists between rate of pitting and total 
acidity, no correlation is evident between acidity and the average 
penetration of the specimens in the field test, and, in fact, none should 
be expected. Examination of the specimens shows that much of the 
surface of the specimens from certain soils remains uncorroded even 
after 10 years’ exposure to the soil. Since the unit area on which the 

alculation of average penetration is based includes uncorroded as 
well as corroded area, it is evident that the greater the uncorroded 
area the lower will be the value for average penetration, other things 
being equal. As will be brought out later, the distribution of corro- 
sion or the relative proportion of corroded to uncorroded area depends 
largely upon certain physical properties of the soil. According to 
this view, soil acidity has no effect on the distribution of corrosion and 
hence affects the average penetration only as it influences the rate 
at which the corroded areas deepen. If, however, the average 
penetration were calculated on the basis of the corroded area rather 
than of the total area, it is reasonable to expect that a correlation 
between acidity and the average penetration would be obtained. 

In considering the application of the total acidity and corrosion 
tests to estimate the probable corrosive action of soils on a pipe line 
it should be especially noted that the electrical currents flowing along 
a pipe line may seriously affect the rates of corrosion which would 
occur if the pipe were unconnected. Thus the rate of corrosion of a 
section of pipe line which is discharging current would be expected 
to be greater than that on a single length of unconnected pipe in the 
same location. It may therefore be necessary in connection with 
corrosion surveys to supplement the acidity measurements with data 
from other tests, such as soil resistivity. 


2. RELATION BETWEEN RATES OF PENETRATION OF STEEL IN 
LABORATORY TEST AND TOTAL ACIDITY OF SOILS 


The relation between the rates of penetration of the steel disks in 
the laboratory test and the total acidity of the soils is shown in figure 
4. It will be noted that although this curve has the same general 
shape as figure 1, in which the relation between acidity and corrosion 
in synthetic soil was shown, a given value for acidity in a soil corres- 
ponds to a much lower rate of corrosion than does the same value of 
acidity in the acetic acid-sodium acetate mixture. This result is to 
be expected from the fact that in soils the acid is difficultly soluble 
and hence, slowly diffusible, whereas in the buffer mixture the reverse 
is the case. 

It is of special interest to note that soils 14 and 17, which departed 
widely from the relation between pitting and total acidity, conform 
well when the values from the laboratory corrosion test and total 
acidity are plotted. Although the plotted value for soil 7 does not 
lie near the curve, this soil is shown to be corrosive, probably because 
of its high acidity. Acid soils high in organic matter, namely, soils 
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29 and 33, did not conform to the relation. 
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Figure 4.—Relation between rates of penetration of steel 
in laboratory test and total acidity of soils. 
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It was observed that 

in these soils the cor- 
rosion products of 
steel formed with the 
organic matter a 
dense layer which 
could be removed 
from the surface of 
the disk only with 
creat difficulty. The 
layer probably ex- 
cluded oxygen and so 
checked further cor- 
rosion. The rather 
wide scattering of 
the points shown in 
ficure 4 indicates the 
importance of factors 
other than acidity 
that influence cor- 
rosion. 

In order to show 
the degree of corre- 
spondence between 
the pitting data from 
the field specimens 


and the corrosion losses sustained in the same soils in the laboratory, 
the 10-year rates of pitting were plotted against the average rate of 


penetration of the 
disks (see fig. 5). A 
fairly satisfactory 
correlation is indi- 
cated. The excep- 
tions to the relation 
are either poorly 
drained soilsin which 
deficiency of oxygen 
inhibited pitting at 
the test site, or or- 
ganic soils the corro- 
siveness of which is 
not well indicated by 
the laboratory test 
in its present form. 
In consideration of 
the many factors in- 
fluencing corrosion 
in the field which 
cannot be evaluated 
in a laboratory cor- 
rosion test, it 
would seem that the 
correlation obtained 
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Ficure 5.—Relation between rates of pitting of 10-year 
wrought specimens and rates of corrosion of steel in 
laboratory test. 


is as good as could be expected. For most 
normally developed acid soils, the laboratory test appears to be of 
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value, at least to determine whether some form of protection against 
corrosion is needed. 

The laboratory corrosion test indicates roughly whether the average 
penetration over the surface of the buried specimens would be large 
or small; but no correlation is evident or to be expected between the 
rates of average penetration of the field and laboratory specimens. 
A close correlation between rates of average penetration in the field 
and in the laboratory could occur only if the corroded areas of the 
two sets of specimens were always in the same ratio. This is known 
not to be the case. Corrosion occurred more or less generally over 
the surface of the disks, but the corroded areas of the field specimens 
varied greatly, from the relatively small area occupied by sharp pits 
on certain specimens to the entire surface of others. As will be shown 
later, the corroded area of the specimens is influenced largely by the 
physical characteristics of the soils in the field. When the soils are 
brought into the laboratory and prepared for testing, these character- 
istics are necessarily modified. 


V. DISTRIBUTION OF CORRODED AND UNCORRODED 
AREAS AS INDICATED BY THE PITTING FACTOR 


It has been observed in inspecting underground pipe lines that 
corrosion may take widely different forms, from the production of 
sharp isolated pits to a uniform attack of the metal surface. This 
range in the form of corrosion is illustrated by photographs of sections 
of operating pipe lines (fig. 6). In figure 6 (A) in which pitting is 
especially pronounced, it will be observed that the corroded area is 
relatively small, whereas in figure 6 (D) there is very little pitting, 
although practically the entire surface has been attacked. 

The variation in the type of corrosion which may occur in soils is 
exhibited especially well by the specimens of ferrous materials which 
have been removed from the National Bureau of Standards test sites. 
Figure 7 illustrates corrosion patterns on steel specimens ranging from 
a uniform attack of the metal surface with entire absence of pitting 
(7 A) to a highly localized attack in the form of deep, well-marked 
pits (7 F). It will be especially noted from table 2, in which the 
essential data relative to figure 7 are shown that, although the weight 
of metal lost from the specimens is roughly the same, the maximum 
depth of pits ranges from zero to 107 mils. Accordingly, the pitting 
factor, defined as the ratio of the maximum depth of pit to the aver- 
age penetration, varies from 1 to 24.5. 


TABLE 2.—Variation of maximum pit and pitting factor at the same stage of corrosion 


Depth of 
fetiriel DOU is Average | maxi- . : 
Num num- Soil type Lost penetra- | mum foray 
er ber weight | tion penetra factor 
tion 
} Oz/it? | Mils | Mile | 
1 47 | Unidentified silt loam__--__-- ' 2. 11 3.2 3. 2 ] 
2 27 | Miller clay........-- 3. 73 | 5.7 36 6.3 
3 20 | Mahoning silt loam-- --- 2. 99 | 4.6 34 7.4 
4 16 | Kalmia fine sandy loam_- eee 4, 23 | 6.5 | 60 | 9.3 
3 | Cecil clay loam_-__-.-.-- Baay Pare 3. 43 | 5.3 | 63 | 11.8 
S| .. 20h SERNRORG SUE SORTS a. 52s. nie cs nnc ewe ce nel 2. 86 4.41 107s | 24. 5 
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The fact that the ferrous specimens removed from any one soil 
exhibit essentially the same corrosion pattern regardless of the nature 
of the material, suggests immediately that the “phy sical or chemical 
properties of the soil control the character of corrosion. It has been 
observed, for instance, that the specimens which have been in con- 
tact with poorly drained soils for a number of years are usually 
corroded uniformly, but those in well-drained soils show a greater 
tendency toward localized attack. These observations indicate a 
relation between the type of corrosion and the permeability of the 
soil. 

In order to correlate the ratio of corroded and uncorroded areas on 
the specimens with the physical characteristics of soils, it is necessary 
to have a suitable measure or index of these areas. Unfortunately, 
it was not practicable to measure the corroded and uncorroded areas 
on all of the speci- 
mens, but as will be 
shown, the pitting 
factor may be em- 
ployed as a rough 
| | index of the ratio of 

¥ these areas. 

’ As the pitting fac- 
yf | tor is defined as the 
| depth of the deepest 
‘ re A Seow vari) ee | pit divided by the 
z | yo average depth of pen- 
yt etration, if a single 
| /1 | pit of uniform depth 
| (and no other cor- 
10} ——______ ! + rosion) occurs on a 
| 


~ = _-- —__,-— — ooo 





| 


> FACTOR 


PITT 


| specimen of unit area, 
| the area of the pit 
' can be readily calcu- 

| lated from the pitting 

ERAS. Naa Sal. a Paliclnel, Srecaae -! factor. In this case 
RATIO OF 'UNCORRQDED TO CORRODED AREA the pitting factor 


FicuRE 8.—Relation between pitting factor and ratio of would correspond to 
uncorroded to corroded area. : 
the depth of the pit 


divided by its volume, and the area of the pit, which would be equal 
to the volume divided by the depth, would therefore be the reciprocal 
of the pitting factor. 

It is evident that this simple relation cannot be used to calculate 
the corroded area of actual specimens because pits have irregular 
shapes and because the average depth of all the pits on a specimen 1s 
unknown. However, since visual examination of the corroded speci- 
mens indicates a possible relation between the pitting factor and the 
ratio of uncorroded and corroded areas, it seemed worth while to 
devise a method which would test this relation experimentally. The 
method consisted in making on paper impressions in ink of a group 
of corroded specimens and measuring the total area covered by ink, 
which corresponded to the uncorroded area. ‘The corroded’area was 
then obtained by subtraction from the total area. If the?corroded 
area was small, it was directly measured and the uncorroded ‘area was 
obtained by difference. The areas were measured by placing trans- 
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parent coordinate paper over the ink impression and counting the 
number of squares covering the black or white areas. 

In order to produce a firm pressure as the specimen was rolled over 
the paper a 2-foot (60-cm) length of 1%-inch (38-mm) pipe was 
attached firmly to the specimen in such a manner that the projecting 
ends of the pipe could be used as handles. It was found that sharp 
outlines of the pits could be obtained by making the impression on 
paper resting on a resilient rubber pad. Seven steel specimens with 
pitting factors from 6.3 to 36.6 were employed. In figure 8 it is seen 
that the pitting factors are roughly proportional to the ratio of the 
uncorroded to the corroded areas. 

In order to account for the distribution of the corroded and uncor- 
roded areas on the test specimens it may be assumed that they coin- 
cide respectively in a 
general way with the 
anodic and cathodic 
areas set up by the 
action of the soil. It °°f——Y 
is recognized that 
there may have been 
a certain shifting of  «c 
the anodic and ¢a- 
thodic areas as a 
result of changes in 
soll moisture and 
aeration, but these 
temporary effects 
probably produced ~ 
only a superficial 
roughening of the 
specimens. 

Figure 9 shows the 
change with time of 
the pitting factors for 
typical acid soils. 
After about 8 years PITTING FACTOR-TIME CURVES FOR TYPICAL SOILS 
these pitting factors 
become approxi- 
mately constant; that is, the ratios of the rates of average and maxi- 
mum penetration remain the same. These constant pitting factors 
(based on 10 years’ observations) are listed in table 3 for most of the 
soils considered in this investigation. 
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FIGURE 9.—Piiting factor time curves of various soils. 


TABLE 3.—Pitting factors of acid soils 





Pitting 


@ 
ww 
to 
— 
oS 
on 


a see Pitting _— 4 Pitting ' ; 

Soil number fanton Soil number fastor Soil number tanker 
1 5.7 17 4.5 |i 3: 5.5 
2 * 18 12.5 || 35 - 7.5 
3 10.0 || 19 12.5 || 36 13.5 
4 5.5 |} 20 =. 5 |. sg 6.0 
5 4.7 || 21 Z 10.0 || 39 7.5 
6 11.7 |} 22 5.5 || 40 6.5 
7 4.5 || 24 10.0 || 41 8.0 
5. . 10.0 || 25 > 5 12.5 || 42. 0 
10__ | RUN ik eg - nies 5.0 || 43__-. ay 5.0 
ll SE Ss Rena 5.0 || 44 18.0 
14 15.0 || 30_ a 6.0 || 47 3.0 
15__ 6.0 |] 31__- et 11.0 || 

| 
9.8 | 
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VI. RELATION OF THE PHYSICAL PROPERTIES OF SOILS 
TO CORROSION 
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The influence of the physical properties of soils on their corrosiveness 
has not hitherto been systematically studied, although the importance 
of physical factors in soil corrosion has been recognized. The relation 
of the mechanism of the corrosion of lead in soils to the size of soil 
particles has been explained by Burns and Salley (12). These 
investigators found that the rate of corrosion increased with increase in 
particle size. The corrosion was attributed to the operation of oxygen 
concentration cells, which originated from partial or complete exclu- 
sion of oxygen at the points of contact of the metal and the soil 
particles. Such areas became anodic to the surrounding parts of the 
metal surface that were more accessible to air. (Potential differences 
of approximately 1 volt have been obtained by Shepard in this 
laboratory with iron under conditions involving differential aeration.) 
Burns and Salley point out that the ratio of cathodic to anodic area 
on a metal surface is determined by the total area of contact between 
soil and metal, and that this area is in turn determined by particle 
size. Since a decrease in particle size permits contact of a greater 
number of particles per unit area, the area of contact increases, and 
hence the ratio of cathodic to anodic area decreases with decrease in 
particle size. 

In their explanation of the mechanism of corrosion Burns and Salley 
point out that the resistance and potential difference in the cell under 
consideration are independent of particle size. Hence the cathodic 
current density and the degree of polarization must vary inversely 
with particle size. Since the rate of corrosion depends upon the rate of 
depolarization by oxygen, the amount of oxygen required to maintain 
any given rate of corrosion per unit area increases with decrease in 
particle size, and conversely, any given concentration of oxygen 
produces increasing rates of corrosion with increase in particle size. 

This explanation by Burns and Salley was reached from a laboratory 
study of the effects on corrosion of mineral particles of a limited range 
of size. In applying this explanation to corrosion in soils under 
natural conditions it is necessary to consider that the units of structure 
in soils are not individual particles but relatively large masses or 
aggregates of particles. These aggregates range in physical condi- 
tion from dense, compact masses impermeable to air and water to 
porous masses through which water and air penetrate readily. 
According to the mechanism of corrosion just described, in dense, 
impermeable soils, in which air would be excluded from a relatively 
large area, the area of contact between soil and metal would be large 
and the anodic area would be relatively great, hence corrosion would 
take the form of large uniformly attacked areas. Since the cathodic 
current density and polarization would be relatively great because of 
the smail cathodic area, and the oxygen concentration would be low 
because of the denseness of the soil, it follows that the rate of penetra- 
tion by corrosion would be low. On the other hand, in porous, highly 
permeable soils, the area from which oxygen is excluded would neces- 
sarily be small, ‘and hence the anodic area would also be small. Since 
the cathodic current density and the polarization would be low, the 
rate of penetration by corrosion would be relatively great, unless it 
was reduced by the accumulation of corrosion products. Under these 
conditions corrosion would take the form of pitting. 
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From the foregoing considerations it is evident that the permea- 
bility of soils to air determines to a large extent the rate of corrosion 
and the distribution of corroded areas on the metal surface. Hence 
it should be possible to correlate those properties of soil which de- 
termine their permeability with expressions of the distribution of 
corroded areas, such as the pitting factor. 

It is well known that the permeability of a soil is largely dependent 
on its texture, illustrated by the excessive drainage of sands and the 
poor drainage of many heavy clay soils. With decreasing size of 
particles the size of the capillary spaces in soils tends to diminish, 
so that considerable resistance may be offered to the movement of 
fluids, especially in the usual moist condition of soils several feet 
below the surface. It has been shown by previous investigators that 
over a definite range of size of spherical particles the volume rate of 
flow varies directly with the square of the average diameter of the 
particle (other conditions being the same). This simple relation, 
however, cannot be applied generally to soils, partly because the 
particles of clay and silt are not spherical and are not of approxi- 
mately uniform size. 

Although, as previously stated, heavy clay soils tend to be im- 
permeable, some soils containing a high percentage of clay are porous 
and well aerated. Impermeable clay soils are usually characterized 
by the presence of a clay fraction which, in the presence of water, 
shows characteristic colloidal properties such as high dispersability 
and absorptiveness and a marked tendency to swell. In relatively 
permeable clays, these properties are not pronounced. Because of 
the marked retentiveness of highly cofloidal soils for water the in- 
terstitial spaces are largely filled with water, and offer considerable 
resistance to the movement of air. 

The permeability of a soil is influenced not only by the texture 
(i.e., the size distribution of the particles) and by the colloidal be- 
havior, but also by the degree of compactness or denseness of the 
soil, which is determined by the average diameter of the pores. 


1. METHODS OF MEASURING PHYSICAL PROPERTIES OF SOILS 


The physical properties of soils which influence their permeability 
have been recently studied by Slater and Byers (13). It was found 
that the relative permeability of soils was indicated by meas- 
urements of several physical properties and also by expressions de- 
rived from these measurements. Thus the percentage of silt, the 
dispersability of the silt and clay and an expression obtained by 
dividing the percentage of readily dispersed silt and clay by the 
colloid-moisture equivalent ratio were correlated with the measured 
permeability of undisturbed cores of various surface soils. None of 
these properties, however, appeared to be correlated with the ob- 
served percolation rates for the subsoils. It is evident that the 
swelling of a mass of soil which is associated with the dispersiveness 
of the individual particles would tend to reduce the size of interstitial 
spaces, thereby increasing the resistance to the movement of air. 

Since the rate of movement of air in soils is controlled largely by 
the total space through which air may diffuse, it was thought that 
comparison of the relative volumes occupied by air under specified 
conditions in the different soils might provide an index to their 
permeability. Such measurements to have the greatest significance 
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should be made under conditions which simulate the natural con- 
dition of the soil with respect to moisture content and degree of 
packing as indicated by the apparent density. By means of centrif- 
ugal force the moistened samples of soil were compacted until their 
volume weights approached closely the volume weights of undis- 
turbed lumps of soil from the corresponding test sites. The moisture 
contents of the centrifuged samples also approximated the average 
moisture contents of the soils at the test sites so far as these values 
could be determined. The volume of the compressed sample which 
is occupied by air will be referred to in the succeeding discussion by 
the term “‘volume oi voids’’, following the practice of Boyd (14). 

1. Mechanical analysis including colloid content was made by the 
method now employed at the Bureau of Chemistry and Soils of the 
United States Department of Agriculture (15). This method de- 
pends upon the relation of settling velocity to particle size, as given 
by Stokes’ formula for the fall of a solid sphere in a viscous fluid. 

2. Water-holding capacity was determined by the method em- 
ployed by Slater (13). A 30 g sample of soil contained in the screen- 
bottom box also used for the moisture equivalent determination 
was saturated with water, centrifuged for 40 minutes at 1,000 times 
gravity to produce a standard packing and again saturated with 
water. After draining for 18 hours in a saturated atmosphere the 
box containing the soil was wiped dry, weighed, dried in an oven at 
105 C and reweighed. The loss in weight was expressed as _per- 
centage of the weight of the oven-dried soil. 

3. Moisture equivalent (16), defined as the moisture retained by 
a moist soil under a centrifugal force of 1,000 times gravity, was 
determined on the samples of soil which had previously been com- 
pacted to various degrees corresponding to the volume weights of 
undisturbed lumps of soil from the same test site. Because of the 
previous treatment of the samples the values obtained were lower in 
the case of most soils than the values for the moisture equivalent 
as conventionally determined. 

4. Volume weight (apparent specific gravity).—The volume weight of 
the compacted soil was determined at the moisture equivalent and 
after drying in the oven at 105 C. To do so sufficient mercury was 
added to the soil contained in the moisture-equivalent box to fill the 
box, and the box containing the soil and mercury was weighed and 
the volume of the soil was calculated. The volume weight of undis- 
turbed lumps from the test sites was determined by immersing the 
dry lumps in a dish filled with mercury, calculating the volume of the 
lump from the weight of the mercury displaced. The value selected 
for volume weight of lumps of each soil was the average of 6 to 
8 closely agreeing determinations made on lumps selected at random. 

5. Volume of voids —The term ‘‘volume of voids” means the total 
space occupied by air in a mass of soil compacted by a definite force 
and having a definite moisture content. It was calculated by sub- 
tracting from the volume of moist soil the volume occupied by the soil 
particles plus the volume of water contained in the soil, and is 
expressed as percentage of the volume of the moist soil. The volume 
of the dried soil particles was calculated from their specific gravity as 
determined by the pycnometer method. The volume of the moist soil 
was determined on samples which had been compacted centrifugally 
in an attempt to reproduce for each soil the degree of compaction 
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indicated by the volume weight of the undisturbed samples from the 
test sites. The centrifugal force applied ranged from 1,000 to 2,000 
times gravity, the samples being alternately saturated and centrifuged. 
In all soils the final centrifuging was made at 1,000 times gravity in 
order to insure that the moisture contents at the determination of the 
volume of voids would be comparable. 

Comparison of the volume weights of the centrifuged samples with 
the volume weights of the soil in the field condition (table 4) shows 
that, with few exceptions, the latter were higher. However, in most 
of the soils the measured volume of voids was so low that, even if the 
material had been compressed to its field condition, the results would 
not have been significantly different. 

6. Dispersiveness of silt and clay was determined by a slight 
modification of the method described by Middleton (17). A 10-g¢ 
sample of soil contained in a 1-liter glass cylinder was moistened with 
distilled water and after 18 hours was suspended in 1 liter of water by 
shaking end over end 20 times. The suspension was then allowed to 
settle for 3 minutes and 45 seconds, when a 25-m] sample was pipetted 
at a depth of 30 cm. (Previous studies have shown that then the 
sample consisted of particles with a maximum diameter of 0.05 mm.) 
From the dry weight of the residue obtained by evaporating the 
pipetted fraction, the total weight of silt and clay in the suspension 
was calculated. This quantity, expressed as percentage of the weight 
of the sample, has been designated by Slater and Byers as the ‘‘sus- 
pension percentage.”’ The ratio of the silt and clay so determined to 
the total silt and clay obtained by mechanical analysis is called the 
‘dispersion ratio’”’ (17). This value has been calculated for the clay 
soils in order to determine the relative dispersability of the silt and 
clay in these soils. 

In view of the fact that the moisture equivalent is dependent upon 
the proportion of the finer capillary spaces to the total pore space, it 
was assumed that the relative permeability of the soil might be roughly 
indicated by the ratio of the saturation capacity of the soil (corre- 
sponding to the total pore space) to the moisture equivalent. 
Accordingly, these ratios were calculated and are shown in table 4. 
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2. CORRELATIONS BETWEEN PHYSICAL PROPERTIES OF SOILS 
AND PITTING FACTOR 


The data obtained from the various physical determinations are 
shown in table 4. In order to facilitate comparison with the pitting 
factor the data for the various soils have been arranged in the order 
of increasing pitting factor. 

A comparison of the values for the pitting factor with the data on 
the physical properties of the soils containing more than 10 percent 
of clay indicates that the pitting factor is very largely determined 
by the permeability of the soil. It will be noted that increase in the 
pitting factor is generally accompanied by an increase in the volume 
of voids and the ratio of water-holding capacity to moisture equiva- 
lent. It will also be observed that there is a rough inverse relation 
between the pitting factor and the quantity of easily dispersed silt 
and clay, and also 
between the pitting 
factor and the dis- 
persability of the clay 
and silt in the clay 
soils as indicated 
by the dispersion 
ratio. It will also 
be observed that 
there is a tendency 
for the pitting factor 
to increase inversely 
with the volume 
e weight of the soils in 

a the field condition, as 
| OL er “le a: might be expected. 
io. In figure 10 the 
9 ee correlation between 
_}| the pitting factor 
EEE. ETE, °° and the volume of 
voids is shown graph- 
ically. The signif- 
icance of this rela- 
tion may be best appreciated if it is assumed that the pitting factor 
is roughly proportional to the ratio of the cathodic to anodic areas on 
the specimens, as has been suggested. According to this assumption, 
a low volume of voids, which is associated with a relatively imperme- 
able soil, would indicate a large anodic area corresponding to general 
corrosion of the metal surface. Conversely, a large value for the 
volume of voids, associated with a permeable soil would indicate a 
small total anodic area and hence localized corrosion or pitting. 
Furthermore, by reason of the large cathodic surface and the corre- 
sponding low cathodic current density, the concentration of oxygen 
required to maintain any given degree of depolarization would be 
small and deep pitting would result in the absence of interference 
from the accumulation of corrosion products or other inhibiting 
factors. 

In view of the fact that the values for the volume of voids is 

determined by the moisture content of the soil, it is apparent that the 


























Figure 10.—Relation between volume of voids in sotls and 
pitting factor. 
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goodness of fit of the line drawn through the points (fig. 10) depends 
largely upon how well the moisture content of the soil at the time 
of measurement corresponds to the average moisture content of the 
soil in the field. Secondly, the gross structural features of the soil, 
such as the natural occurrence of cracks and fissures, affect the perme- 
ability to an extent which cannot be evaluated by the methods 
employed. 

As previously indicated, a definite proportionality exists between 
the pitting factor and the ratio of water-holding capacity to moisture 
equivalent. The coefficient of correlation for this relation is 0.723 
which according to the level of significance of Fisher (18) gives, for 
30 observations, a probability somewhat better than 0.99 that the 
relation is significant. This value compares with 0.722 which is the 
coefficient of correla- - 
tion calculated for the Y 
pitting factor volume , 
of voids relation | 
shown in figure 10. a oe Se 

The correlation ob- | | 
served between the = 4} |__| _| {1+} 
pitting factor and the | | 

| 
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moisture ratio may be 
explained as follows. 
Inasoil having a 
moisture ratio ap- 
proaching unity it is 
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under a force of 1,000 “| | 1S Se 5 a ee 
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DISPERSED SILT AND CLAY- PER CENT. 


required for satura- 
tion. Since the mois- 
ture is held so com- 
pletely it follows that the capillary spaces through which air might 
move must be exceedingly fine and, therefore, offer high resistance 
to the diffusion of air. Under such conditions, which might amount 
to virtual exclusion of oxygen over a large part of the metal surface, 
the anodic area must be relatively great and the pitting factor corre- 
spondingly small. On the other hand, large values of the moisture 
ratio indicating large capillary spaces through which air may diffuse 
would be expected to produce relatively large cathodic areas, which 
would be indicated by high pitting factors. 

The correlation between the quantity of silt and clay which is 
readily dispersed in water and the pitting factor is shown graphically 
in figure 11. As indicated by the figure, low pitting factors are 
associated with high concentrations of silt and clay, the pitting factor 
decreasing rapidly with the quantity of dispersed material. The 
explanation of the observed correlation evidently lies in the fact that 
dispersion of the soil material with the resultant swelling of the 
colloidal material results in diminution in size of the capillary spaces 
within the soil. The increased resistance to the diffusion of oxygen 


Figure 11.—Relation between dispersed silt and clay in 
soils and pitting factor. 
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produced in this manner would then tend to increase the anodic 
area with respect to the cathodic area. 

It is apparent that the correlation shown in figure 11 becomes 
less satisfactory as the quantity of dispersed material decreases and 
at values below 10 to 15 percent it is probably without significance, 
It is likely that some minimum quantity of dispersed material is 
necessary for corrosion to be produced by differential aeration since 
concentration of dispersed silt and clay on parts of the metal surface 
may be essential to the effective exclusion of oxygen and so to the 
development of anodic areas. This observation may possibly have 
a bearing on the fact that relatively slight pitting has occurred in 
acid soils containing less than 10 percent of clay. 

From the relation which has been developed between the permea- 
bility of the soil and the pitting factor, and explanation may now be 
offered for the failure of certain very acid soils to induce serious 
pitting. It will be recalled in this connection (fig. 3) that soils 7 and 
17, although very acid, produced lower rates of pitting than any of 
the other acid soils. The physical characteristics of these soils are 
shown in table 5 for comparison with the characteristics of soils 3 and 
11 which conform to the acidity relation. 


TaBLE 5.—Comparison of physical properties of soils with pitting rate 


| Satura- 
Average | 7 : | Gon, | snenon- 
S« I : pitting Pot i] Clay \ olume moisture sion per- Permeability 
number} rate for acidity content | of voids | equiva- |" te. | 
10 years lent } centage 
| ratio 
| | | | 
Mils/yr m.€. Percent | Percent | Percent | 
7 3.4 29.8 63. 6 7° 4 1.08 | 41.2 | Impermeable. 
17 3.9 19. 1 51.7 | 4.4 | 1.18 | 3.5 | 0 
3 7.5 11.5 46.1 18.2 | 1.59 | 4.4 | Permeable. 
1] 7.0 10.8 53. 1 15.5 1. 59 7.9 Do 


From the data shown in table 5 it is apparent that the two groups 
of soils which differ so widely in their rates of pitting differ also with 
respect to the physical characteristics which determine their permea- 
bility. By the criteria which have been employed, soils 7 and 17 are 
relatively impermeable, whereas soils 3 and 11 are permeable. It has 
been seen that highly impermeable soils tend to restrict the accessi- 
bility of oxygen over a large part of the metal surface and thus to pro- 
duce relatively large anodic areas. Since the cathodic current density 
and hence the degree of polarization must be comparatively high, 
because of the small cathodic areas, it follows that in the absence of 
corrosive factors, such as high acidity or high salt content, the rate of 
penetration by corrosion under conditions of poor aeration would be 
expected to be low. This conclusion is confirmed by the low rates of 
pitting which have occurred in soils 7 and 17. These conditions are 
completely reversed in soils 3 and 11 where, because of their high 
porosity, air has ready access to the greater part of the metal surface, 
corrosion being confined to small anodic areas. Because of the large 
cathodic surface and resulting low current density, depolarization by 
oxygen is readily accomplished, and the rate of pitting is limited only 
by the accumulation of corrosion products. It is perhaps significant 
to note in connection with the present discussion that soil 47, which, 
by the criteria employed is the least permeable of all the soils, also has 
the lowest average pitting rate, approximately 1 mil per year. 








ee hee Red 


—-_ — Ce mr oY 





pea Corrosion in Acid Soils 149 


So far as the data from the other soils are concerned, it is not possible 
to demonstrate a relation between permeability of the soil and rate of 
pitting. This might be taken to indicate that, except in very imper- 
meable soils, differences in permeability do not have a marked effect 
on the pitting rate. However, it is more reasonable to assume that the 
available data on pitting rates are not suitable for testing this effect, 
since too few data are recorded for soils of the same acidity but differing 
permeability. 

. VII. SUMMARY 


The corrosiveness of acid soils toward ferrous metals was studied by 
means of a laboratory corrosion test and by comparing corrosion data 
on specimens removed from the National Bureau of Standards test 
sites with certain physical and chemical properties of soils. The cor- 
rosion data from the field tests include measurements of loss of weight 
and depth of pits on specimens of a variety of ferrous materials 
removed after 8 and 10 years’ exposure to 37 acid soils. 

In a preliminary study of corrosion in a synthetic ‘soil’? composed of 
pulverized quartz and agar it was found that the loss of weight of the 
test specimens increased markedly with increasing acidity within the 
range of acidity shown by soils. The low rate of corrosion in the range 
of mild alkalinity was attributed to the action of an adherent film or 
layer of ferrous and ferric hydroxides which tended to diminish the 
accessibility of oxygen to the cathodic surface. The high rate of cor- 
rosion in the acid range was explained by assuming that the metal ions 
diffused readily outward into the soil and that the acidity of the soil 
neutralized hydroxy] ions as they were formed at the cathode, thereby 
preventing the formation of a protective rust layer. 

Comparison of the average rates of pitting of the field specimens at 
10 years indicated that the rates of pitting at practically all of the test 
sites were determined chiefly by the total acidity of the soil. A similar 
correlation between the loss of weight of specimens and total acidity 
was obtained when samples of soils from the test sites were employed 
in the laboratory corrosion test. The correspondence between the field 
and laboratory data suggests the use of the laboratory test as a con- 
venient means of testing the corrosiveness of acid soils. However, 
because of the effect of pipe-line currents it may be necessary to employ 
supplementary tests, such as the measurement of soil resistivity. 

The pitting factor, defined as the ratio of the maximum depth of 
pit to the average penetration, diminishes with’ time and appears to 
approach a fairly constant value after 8 or 10 years. The pitting 
factor is shown to be roughly proportional to the ratio of the uncor- 
roded to corroded area on a metal surface. This relation was employed 
in studying the influence of certain physical properties of the soil on 
the distribution of corrosion. 

Measurements of several physical properties of the soil which deter- 
mine its permeability to air were made in order to relate permeability 
to the rate of pitting and the distribution of corroded areas. These 
measurements included the following: (1) Percentage of the total 
volume of moist soil which is occupied by air; (2) ratio of the moisture 
required for saturation to the moisture equivalent; and (3) dispers- 
ability of silt and clay. Definite correlations were obtained between 
the values for these properties and the pitting factor, indicating that 
the greater the permeability of the soil, exclusive of sands, the greater 
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is the tendency for corrosion to be confined to pits, other conditions 
being the same. An explanation is suggested for the failure of certain 
very acid and impermeable soils to induce pitting. 


Wasuineton, April 4, 1934. 
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PHOTOCHEMICAL DECOMPOSITION OF SILK! 


By Milton Harris ” 


ABSTRACT 


The purpose of this investigation was to study the deterioration of silk on ex- 
posure to daylight under natural conditions of use. 

The strength of silk cloth decreased and its ammonia nitrogen content increased 
on exposure to sunlight. Samples of the cloth treated with a tenth normal 
solution of sodium hydroxide showed smaller changes and samples treated with 
a tenth normal solution of sulphuric acid greater changes than the untreated 
cloth under the same conditions. 

Similar results were obtained on exposure of samples to north skylight. Sam- 
ples treated with sodium carbonate solution of 1 percent or less in concentration 
showed the greatest stability. 

The amino nitrogen content was the same for silk stored in the dark and silk 
exposed to sunlight for 3 months. The rate of hydrolysis in 0.5 normal sodium 
hydroxide solution, measured by the formation of amino nitrogen, was the same 
for both samples. 

The decrease in breaking strength and increase in ammonia nitrogen content of 
silk on exposure to light are brought about by atmospheric oxidation in the 
presence of light. 


The results of these experiments are in accord with those obtained in the 
accelerated aging tests of silk, using the carbon arc lamp as a light source. 
CONTENTS 
Page 
I. Introduction______- : 151 
II. Experimental _- a 152 
III. Nature of the photochemical reaction _ - 155 


I. INTRODUCTION 


Previous work * has shown that when silk is exposed to the radiation 
of a glass-enclosed carbon are lamp, the extent to which it is weakened 
depends upon its ‘‘pH”’ (as defined by the pH of an aqueous extract). 
Silk was found to have maximum stability at about pH 10. As the 
pH was increased above pH 11 and decreased below pH 3, the 
stability of the silk decreased rapidly. Silk treated with 0.1 normal 
sodium-hydroxide solution was more stable to the action of light than 
untreated silk or silk treated with 0.1 normal sulphuric acid and the 
latter was the least stable. 








! The work reported here was made possible by a grant from the Textile Foundation, Inc., to the Ameri- 
can Association of Textile Chemists and Colorists. 

? Research Associate for the American Association of Textile Chemists and Colorists at the National 
Bureau of Standards. 

§M. Harris and D. A. Jessup. The Effect of pH on the Photochemical Decomposition of Silk. B.S. 
Jour. Research, vol. 17, p. 1179-1184, 1931. 
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The purpose of the present investigation was to study the deteriora- 
tion of silk on exposure to daylight under natural conditions of use. 
Both the chemical and the physical breakdowns were followed. The 
experiments were designed to show something of the nature of the 
photochemical reaction. 


II. EXPERIMENTAL 


The general procedure was that used in the previous work and has 
been described.* The decrease in breaking strength of the cloth 
with duration of exposure was taken as a measure of the physical 
breakdown of the silk. The chemical breakdown was followed by 
analyzing specimens for ammonia nitrogen and amino nitrogen. The 
former is that portion of the nitrogen which is liberated when the silk 
is boiled in a saturated solution of magnesium oxide. The latter is 
the portion obtained when the silk is treated with nitrous acid, using 
the method of Van Slyke.® 

One series of experiments was concerned with the effect of sunhght. 
Degummed silk was purified by successive extractions with alcohol and 
ether and then washed for one-half hour with water at 60 C to remove 
any adsorbed solvent. Some samples of the silk were soaked in 0.1 
normal! sodium-hydroxide solution and others in 0.1 normal sulphuric- 
acid solution for 10 minutes. The excess liquor was removed by 
centrifuging and the samples were air-dried. Samples of purified 
acid-treated and alkali-treated silk were then exposed to sunlight. 
The exposures were continuous day and night, regardless of the 
weather, under glass at an angle of 45°, facing south. At the end of 
15 days the alkali-treated silk had a breaking strength of 53 pounds, 
the untreated sample 38 pounds, and the acid-treated sample 8 pounds. 
The strength of the original cloth was 55 pounds. At the end of 4 
months the untreated and acid-treated silk had practically no strength 
but the alkali-treated silk still had 10 percent of its original strength. 

At intervals of time samples were analyzed for ammonia nitrogen. 
The results are given in table 1. All of the exposed samples gave 
increasing amounts of ammonia nitrogen with increasing duration of 
exposure, the greatest amounts being present in the acid treated and 
untreated samples. 


TABLE 1.—Effect of sunlight exposure on ammonia nitrogen content of silk. 


{The"number of milligrams of ammonia nitrogen per gram of silk is given] 


Untreated silk Silk treated with 
Time of a 
exposure, 
lays Not ex- | np... O1N | OLN 
posed | Exposed) Noon | H2S0, 
| 2 0. 10 0. 31 0. 16 0. 87 
| 69 . we Ta 22 1. 03 
90 10 | 64 | 45 2.05 | 
104 09 wf SB 2.09 | 
130 . 07 106 | 64 2.81 | 
150 2 2.00 | 95 2. 92 
175 1] 2. 60 1. 03 2. 99 


4 See reference footnote 3. é 
5D. D. Van Slyke, The Quantitative Determination of Aliphatic Amino Groups, Jour. Biol. Chem., 
vol. 12, p. 275-84, 1912. 
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. The total nitrogen content, amino-nitrogen content, and rates of 
hydrolysis of the purified silk (not treated with acid or alkali) which 
had not been exposed to strong light and which had been exposed to 
sunlight for 3 months were determined. The sample for analysis 
was ground to a fine powder. In order to determine rate of hydrolysis, 
about 5 grams of the powder was shaken in 200 ml of water for 4 
hours, using an automatic shaker. The larger particles of silk were 
allowed to settle and the supernatant liquor was decanted and mixed 
with an equal volume of 1 normal sodium hydroxide solution. The 
mixture was kept in a bath 
at 37 C. Ten ml aliquots 
were withdrawn at definite ‘ 
intervals of time and ana- *”° x 
lyzed for amino nitrogen 
and for total nitrogen. 
! The results are shown in 
figure 1. Neither the un- 
exposed nor the exposed 
silk contained an appreci- 
able amount of amino ni- 100 
trogen before hydrolysis. 
; The rate of hydrolysis, 
measured by the formation 
of amino nitrogen, was the 80 
same for both samples. 
Another series of experi- 
ments was concerned with 
, the deterioration of silk 
cloth treated with acid 
and alkaline solutions on 
exposure to north skylight. 
The samples were exposed 
continuously in a room be- 
; hind window glass, vertical, 3 se = EXPOSED 
facing north. Plain-weave 
cloth weighing approxi- 
mately 1.6 ounces per 
square yard was cut into 
pieces about 1 yard square. 
These were purified by 
scouring in a 0.5 percent 
soap solution at 60 C for Ficure 1.—The rates of hydrolysis of silk which 
20 minutes: rinsing in 3 had not been exposed to strong light and which 
j So 
successive baths of water 
at 60 C for 20 minutes each; extracting with alecho! and ether for 
24 hours each; and finally washing with water at 60 C for 30 minutes. 
The individual cloths were soaked for 5 minutes in the solutions listed 
below, centrifuged, and dried at 70 F and at a relative humidity of 65 
percent.° 
(1) No treatment; (2) 0.01 Nsulphuric acid; (3) 0.01 N acetic acid; 
(4) 0.1 percent sodium carbonate; (5) 0.5 percent sodium carbonate; 
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had been exposed to sunlight for 3 months. 








. : ‘ The amount of reagent remaining on the fiber may be roughly estimated by assuming that after cen- 
trifuging, the silk retains its own weight of solution. 
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(6) 1.0 percent sodium carbonate; (7) 1.5 percent sodium carbonate: 
and (8) 0.75 percent sodium bicarbonate. 

The breaking strength and appearance of each cloth after exposure 
for stated periods of time are given in table 2. The acid-treated 
samples showed the greatest deterioration, the untreated sample was 
much more stable, and the samples treated with sodium carbonate 
solutions in concentrations of 1 pereent or less showed the greatest 
stability. These results are in accord with those obtained in the 
accelerated aging tests of silk, using the carbon-arc lamp as a light 
source. 


TABLE 2.—The appearance and breaking strength of silk treated with acid or alkaline 
solutions after exposure to north light 


Breaking strength (1-inch 
strip) after 
\ ppearance after exposure for 


a A TeelmMent 11 months 
5% 7% ll 

months | months | months 

Pounds | Pounds Pounds 

1 | Original (not exposed) No change 37 37 3¢ 
2 | 0.1 percent NasC Oz Very slightly yellow 34 | 30 30 
3 | 1.0 percent NasC Oz; Slightly yellow_- 32 29 27 
4 0.5 percent NazC Oz; Faint yellow 32 29 26 
5 | None (exposed) No change 30 29 24 
1.5 percent NaeCO Yellow 30 27 23 

7 | 0.75 percent NaHCO Faint yellow 28 24 20 
8 | 0.01 N acetic acid No change 17 16 | l4 
9 | 0.01 N sulphuric acid Faint yellow 14 13 | 12 


After 11 months’ exposure, samples of the cloth were analyzed 
for ammonia nitrogen and amino nitrogen. Portions of each cloth 
were dried for 6 hours at 105 C and the ammonia nitrogen determined. 
The silk was then thoroughly washed and again dried for 6 hours at 
105 C. One-gram portions were dissolved in 20 ml of a 50 percent 
lithium bromide solution at 80 C and the solution diluted to 100 ml 
in a volumetric flask. The amino-nitrogen content of each solution 
was determined. The results of the analyses are given in table 3. 

The decrease in breaking strength is accompanied by an increase 
in the ammonia nitrogen content of the silk. The amino-nitrogen 
content does not appear to be affected during the deterioriation of 
the fiber. 


TABLE 3.—The ammonia- and amino-nitrogen content of silk treated with acid or 
alkaline solutions after exposure to north light for 11 months 


Sampl mn \mmonia Amino 
no. rreatment nitrogen nitrogen 
Mo/q silk \fq/9 silk 

1 | None (not exposed) 0. 07 | 1.5 

2 | 0.1 percent NasCO 15 1.6 

3 | 1.0 percent Na:zCO 15 1.4 

4 | 0.50 percent Na2C Ox; : .23 1.4 

5 | None (exposed) -- 44 1.4 

6 | 1.5 percent NazCOs3 19 1.4 

7 | 0.75 percent NaHCO; 39 1.7 

8 ' 0.01 N acetic acid 7 bg 


0.01 N sulphuric acid 
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III. NATURE OF THE PHOTOCHEMICAL REACTION 


Harris] Photochemical Decomposition of Silk 


The photochemical decomposition of silk is a photo-oxidation 
reaction. Skeins of 20/22 Japanese silk have been exposed in vacuum 
and in atmospheres of moist and dry hydrogen and oxygen to north 
sky light for 4 months. The skeins in the vacuum and in the hydro- 
gen retained their original strength. Those in the dry oxygen lost 
about 3 percent while those in moist oxygen lost about 10 percent of 
their strength. 

The increase in ammonia nitrogen content of silk during the 
photochemical deterioration is further evidence that an oxidation 
reaction has taken place. Palit and Dhar’ have shown that in the 
decomposition of most nitrogenous substances, ammonia is formed 
and the decomposition is accelerated by the presence of oxygen and 
light. The deterioriation of wool in the carbonizing process is also 
accompanied by the formation of ammonia, the amounts formed 
increasing with increasing acid and moisture contents of the wool 
and with increasing temperatures in the baking oven. When wool 
containing sulphuric acid is stored at ordinary temperatures, the 
ammonia-nitrogen content increases with increasing time of storage. 
When acid treated and untreated specimens of wool were baked in 
atmospheres of dry on moist air, oxygen, or carbon dioxide showed 
that both oxygen and moisture have an important influence on the 
deterioriation of wool. Sulphuric acid increases the rate of deterio- 
ration considerably... Leiben and Urban® found that the splitting 
of ammonia from amino acids and other substances proceeds much 
more rapidly in acid than in alkaline or neutral solutions. Schanz 
studied the action of ultraviolet rays on egg and serum proteins He 
found that the greatest change was produced in acid solution and 
that the reaction was accelerated by oxygen. 

The experimental results of this research are in accord with those 
obtained by other workers in studying the action of light on protein 
materials. The decrease in breaking strength and increase in ammo- 
nia-nitrogen content of silk during exposure are caused by the action 
of the oxygen of the air in the presence of light. 


WasHINGTON, May 4, 1934. 


’ Palitand Dhar. Oxidation of Carbohydrates, Fats, and Nitrogenous Products by Air in the Presence 
of Sunlight. Jour. Phys. Chem., vol. 32, p. 1263, 1928. 

3M. Harris. The Carbonization Process: A Study of the System Wool-Sulphurie Acid-Water. B.S. 
Jour. Research, vol. 12, pp. 175-87, 1931. 

*F. Lieben and F. Urban. The Splitting of Ammonia From Amino Acids and Other Substances in 
the Light of a Quartz Lamp. Biochem. Zs., vol. 239, pp. 250-56, 1931. 

10 Schanz. Arch. ges. Physiol., vol. 164, p. 445, 1916. 
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CONTRIBUTION TO THE DESIGN OF COMPRESSION 
MEMBERS IN AIRCRAFT 


By Wm. R. Osgood 


ABSTRACT 


Compression members in riveted or in welded structures are columns with 
elastically restrained ends. Such members are usually designed as columns with 
a free length equal to or less than the distance between panel points. When the 
free length is taken as the distance between panel points, the design is likely to 
be safe but uneconomical. When it is taken less than this distance, however, 
though the economy may be evident, the safety is usually quite unknown. 
Bleich has shown what rational values are for the free lengths of compression 
members which occur in conventional types of bridges. His determination of 
these lengths (ratios of free length to panel-point length) is based on the theory 
of buckling of trusses or frameworks (Stabnetze). Unfortunately, Bleich’s work 
does not carry over in its entirety to aircraft because some of the simplifying 
assumptions which he makes are not applicable here. 

In this paper one of Bleich’s analyses is carried a step further, resulting in a 
more general solution of the four-moment equation which applies to such problems. 


CONTENTS 
Page 
L; DRUPOGWIRIINL . 2 Soe ee ee oe Rae ees 157 
II. Derivation of the condition of buckling_-_-___- ee 158 
i. Application te design... .......-.2.-.6- 5. 160 


I. INTRODUCTION 


Compression members in riveted or in welded structures are col- 
umns with elastically restrained ends. Such members are usually 
designed as columns with a free length equal to or less than the dis- 
tance between panel points. When the free length is taken as the 
distance between panel points, the design is likely to be safe but 
uneconomical. When it is taken less than this distance, however, 
though the economy may be evident, the safety is usually quite un- 
known. Bleich! has shown what rational values are for the free 
lengths of compression members which occur in conventional types of 
bridges. His determination of these lengths (ratios of free length to 
panel-point length) is based on the theory of buckling of trusses or 
Eameve orks (Stabnetze). Unfortunately, Bleich’s work does not carry 
over in its entirety to aircraft because some of the simplifying assump- 
tions which he makes are not applicable here. In bridges, for example, 
diagonal members and vertical members frequently carry primarily 
tension and consequently are not made stiff; they may, therefore, be 
neglected as contributing to the restraints at the joints at their ends. 


1 Fr. Bleic h, Theorie und Berechnung der eisernen Briicken, Berlin, Julius Springer, 1924, and Die 
Knickfestigkeit elastischer Stabverbindungen, Der Eisenbau, vol. 10, pp. 27 ff., Feb. 1919. 
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Corresponding members in the fuselage of an airplane, however, may 
be tubular and approximately as stiff as the other members meeting 
at the joints at their ends; to neglect such members results in a worth- 
less analysis. It is the purpose of this paper to carry one of Bleich’s 
analyses a step further. 


II. DERIVATION OF THE CONDITION OF BUCKLING 


Consider a loaded truss on the point of buckling in its own plane. 
Denote the lengths of any two of the members, 1j and jk, meeting 
at any joint, j, by J,,; and /., figure 1. In general, moments will be 
exerted on the joints by the members. Denote by MM, the moment 
exerted on the joint i by the member ij and by A4/;, the moment 
exerted on the joint j by the member jj, the first subscript indicating 
the joint acted on and the two together indicating the member 
acting. When the joints are fixed against translation but not 
against rotation, the moments in figure 1 are connected by the 
equation of four moments * 





M38" 1; T M, it’ 1; T M wt’ x t My 58” Q (1) 
where 
l ] 
s’ s(o), "el »t(d), (2) 
7 ; 
— re) 03) 
8(@)=-— —1, t(d)=1 ; (3 
? sing tang ‘ 
Pl I} P| 
v - @=l/L (4) 
iD \ EIr 
ac >, ieee tare llg eens —- 
Fis | M . 4 
" 4 Nl 7" Jt _ M, al | 
Y o ~ - 
Pil Mi ; x 
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X wi 
~*~, 
\ “\ 
1 
Figure 1.—Two members of a framework meeting at a common joint 


I=the least moment of inertia of the cross-sectional area of a 
member with respect to an axis perpendicular to the plane 
of the truss. 


Hy , eis " 
T= 79 the ratio of the Considére-Engesser modulus for a member 


to Young’s modulus. 
2 See footnote 1; also Alfred S. Niles and Joseph S. Newell, Airplane Structures, John Wiley and Sons, 
Inc., New York, 1929. 
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P=the axial load in a member, positive when compression. If 


P=0,thenr=1,and s(¢) =t(¢) =0, but 8’ =; ‘and t’ = Y ; and 
if P is negative, s(@) -aihe— 1, t((¢)=1- ashe 


The moments in equation 1 are positive when for an observer on 
one side of the members the moments tend to increase the angle 
on the side of the observer between the two members at any joint. 
The moments indicated in figure 1 are all positive for an observer 
below ijk. 

The general method of analyzing a truss for buckling is to apply 
the equation of four moments successively to pairs of members 
meeting at joints and to determine in this way the “condition of 
buckling.”” The individual members can then be investigated, and 
preliminary designs may be modified. 

Let it be desired to investigate a compression member ij, figure 2, 
in a riveted or a welded truss. We shall assume that the far ends of 


/ 
n 





m 


FIGURE 2.—A member of a framework together with the members meeting it at its ends. 


all the members meeting at i and at j: il, i2, ... ih, ... im and jl, 
j2, ... jk, ... jm, respectively, except the ends of the member ij itself 
are freely supported. This is one of Bleich’s assumptions, it is on 
the safe side, and some such simplifying assumption is practically 
necessary in all except the simplest cases. In an ideal design, as a 
matter of fact, the condition would be approximated closely. We 
shall consider moments acting on the joints positive in the counter- 
clockwise sense. Applying the equation of four moments successively 
to the pairs of members 1i and ij, 2i and ij, ... mi and ij, ij and j1, ij and 
j2, ... 4] and jn, and making use of the condition of equilibrium that 
the sum of all the moments acting on a joint must be equal to zero, 
we obtain m equations of the type 


— M pt’ n3 + Mit’ 13 — M38’ 1; =0, (5a) 
n equations of the type 
M38" 33 — Mgt’ 13 + Mat’ » =0, (5b) 


64093—34——11 
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and the two equations of equilibrium 
M;; am My ‘i My > eee + Ma + Pe he Min ” Q, (6a) 
My, +My t+Myt...+ Myt...+ My =0. (6b) 
By substituting M,, and M,, from equations 6a and 6b, respectively, 


in equations 5a and 5b, we get m+n linear homogenous equations in 
m+n unknown moments, m equations being of “the form, 


ty My +t! yMyt--+ (Hy +e nt) Mint ++ +t M im 
— 8'1;M jy, — 8" My. — ++ — 3 ij+ Ms —..— 9g’ 13 sn =0, (7a) 
and n equations of the form, 
— 8’ yMy—8'yMy—-- — 8 yM yy — + — 8" 15M 
+ t’5My, +#/ M+ coe t (t's) +t xn) Mx i t’ Min _ 0. (7b) 


The determinant of the coefficients of the set of m+n equations, 
7a and 7b, equated to zero is the condition for buckling. Upon 
evaluation of the determinant the condition becomes 


(Ftp + .. =) | 7-)(¢ B ne 
oe. ear tpotet " su") 


& ] 1 ] 
a. + ...+—— a — Seer o 4‘ «at}= 
(7+ t’ 1 tp  . z-)e ali (8) 


By setting 


cm _ ee Pula 4 Puly 4 Pil im’ , 
T.-5(7.+ il 12 tie eee ti ti. ee tim ) (a) 


= 


I — 1 (Pauly. Praly , Pa) 
(1 Po +7.) Pilu\ th | tp bys (9b) 


(see equations 2, 3, — 4), equation 8 may be written 


TT (tif — 8°) + (Ti+ T;)ty+1=0. (10) 


“Oy 


III. APPLICATION TO DESIGN 


The procedure in designing should be to make a preliminary design 
as at present, and then by means of equations 9a to 10 to check the 
design of individual compression members (ij) and modify it if neces- 
sary. The use of equations 9a to 10 is facilitated greatly by a nomo- 
graphic chart due to L. B. Tuckerman and by tables of values of s 
and ¢ for ¢ as argument, all of which it is hoped to publish in the near 
future. It may be pointed out that a considerable simplification 
on the safe side is effected by assuming the stress in tension members 
to be zero. 


WasuHinctTon, May 18, 1934. 











